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ABSTRACT 
 
Species are the currency of biodiversity and an accurate recognition of their status is a 
scientific necessity, particularly given the onset of the Anthropocene (the most recent 
biodiversity crisis). Yet, concept-based species approaches are contentious whereas 
those more deterministic work against the fluidity of speciation itself. This conceptual 
gap can be bridged through a comprehensive assessment of the nine subspecies 
comprising the historically enigmatic Western Rattlesnake (Crotalus viridis) complex, 
one that employs three disparate datasets. First, mitochondrial DNA (mtDNA) sequence 
data were used to derive a Bayesian phylogenetic hypothesis that revealed two well-
supported lineages, each with subspecies as distinct clades. Second, morphological 
data relating to head shape were analyzed using Geometric Morphometric (GM) 
methodology to again reveal two distinct lineages, each composed of subspecies that 
differ significantly in shape, yet with confounding factors that obscure evolutionary 
relationships. Finally, GIS-based macroecological variables gathered from museum 
specimens again demonstrated significant subspecific niches, suggesting the potential 
for ecological speciation within the complex. The three datasets (molecular, 
morphological, and ecological) were coalesced using supertree methodology to derive a 
single hypothesis that supported two distinct lineages but with obscured subspecific 
relationships. They were also utilized in crosshair classification tests that quantified 
‘historical’ and ‘recent’ non-exchangeability among lineages and subspecies (i.e., if 
these entities were distinct amongst themselves and worthy of taxonomic recognition). 
In this regard, sufficient genetic, ecological and morphological non-exchangeability 
exists between lineages and among subspecies to warrant species designations for six 
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of 9 Western Rattlesnake subspecies, with the remaining three retained at subspecific 
status. These efforts thus represent a comprehensive and contemporary perspective of 
Western Rattlesnake biodiversity, and shed light on a group that has proven elusive 
across two centuries of scientific inquiry.
 IV
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dedicated to my son, Henrik Allen Davis  
 
 
May you follow your passions in life, wherever they may lead 
  
 V
ACKNOWLEDGEMENTS 
 
Though this work represents the culmination of my graduate career, it is also 
emblematic of the greater contributions to the development, both personal and 
professional, of the author made by those individuals who have dedicated inordinate 
amounts of time (and patience) to this endeavor. I am deeply grateful to my doctoral 
advisors and mentors, Drs. Michael E. and Marlis R. Douglas. I appreciate the 
investments you’ve made on my behalf, the patience you’ve show in spite of my 
stubbornness, and your drive that I continue to develop as a professional. I am thankful 
for the opportunity to learn from and collaborate with you. I appreciate the gamble you 
took on accepting me into your research program and I recognize the importance of 
seizing the opportunities I was afforded. Finally, I am grateful for your welcoming of 
Dijon and Henrik into the lab family. Your kindness, generosity, and friendship to my 
family provided much needed balance to the rigors of a doctoral education. 
I thank my Doctoral Advisory Committee members, Dr. Ken Paige and Dr. Pat 
Weatherhead. I appreciate your contributions to my professional development by 
challenging me to be a well-rounded academic and, in the process, improving my 
dissertation research. I am extremely grateful the investment of time and energy you’ve 
made in my academic career. 
I express my gratitude to the Illinois Natural History Survey for the opportunity to 
pursue my Doctoral studies at the University of Illinois. I am grateful to the Director, Dr. 
Brian D. Anderson, for funding, facilities, and logistical support during my tenure. It was 
and continues to be a tremendous opportunity to work at INHS. 
 VI
Similarly, I thank the Department of Natural Resources and Environmental 
Sciences (NRES) and the College of Agricultural, Consumer and Environmental 
Sciences (ACES) at the University of Illinois Urbana Champaign (UIUC) for financial 
assistance and logistical support throughout my tenure. I appreciate acceptance into the 
program and am grateful for the structural rigidity afforded by the program, as it has 
served well to keep me on track. 
I extend my deepest gratitude to Dr. Michael Collyer for your mentorship and 
friendship throughout my academic career. Your Geometric Morphometrics graduate 
workshop in the early 2000’s at North Dakota State University piqued my interest in the 
utility of shape in evolutionary ecology, and I am grateful for the decade you’ve spent 
helping me learn to apply these techniques and I look forward to continued collaboration 
in the years to come. 
This research would not have been possible without access to the wealth of data 
housed in natural history museums throughout North America. I acknowledge the 
following curators and institutions for allowing me to scratch the surface of data housed 
therein: Jonathan Losos and Jorge Rosado, Museum of Comparative Zoology, Harvard 
University; Chris Phillips, Herpetology Collection, Illinois Natural History Survey; 
Stephen Rogers, Section of Amphibians and Reptiles, Carnegie Museum of Natural 
History; Jack Sites, Bean Museum of Natural History, Brigham Young University; Alan 
Leviton and Jens Vindum, Herpetology Collections, California Academy of Science; 
Bradford Hollingsworth, Department of Herpetology, San Diego Natural History 
Museum; Eric Rickart and Becca Rowe, Division of Vertebrates, Utah Museum of 
Natural History; Janet Whitmore Gilette, Museum of Northern Arizona; George Bradley, 
 VII
Herpetology and Ornithology Collection, University of Arizona Museum of Natural 
History; Anthony Gill and Andrew Holycross, Herpetology Collections, Arizona State 
University School of Life Sciences. 
I am grateful for the engaging interactions, support, and friendship of members of 
the Conservation and Molecular Ecology Lab (CaMEL) at the Illinois Natural History 
Survey. Steve Mussmann, Amber Albores, Aubrey Reynolds, Jared Reynolds, and 
Brenna Levine contributed greatly by discussing ideas and providing constructive 
criticism for aspects of this study. 
A number of friends and colleagues provided considerable support in my 
academic pursuits in too many categories to list. I extend my deepest gratitude to the 
following people for providing a solid foundation throughout my academic career, 
Matthew Smith, Danielle Morrison, Bryan Kirchmeier, Trevor Krabbenhoft, Bryan 
Safratowich, Rebecca Hurley, and Jared and Kristin Little. 
I cannot thank my family enough for their support throughout my academic 
career. Their unyielding love for and confidence in me has seen me through both the 
most challenging and most rewarding aspects of my academic career. To my parents, 
Jim and Leslie, my sister Erica, her husband Kyle, their sons Keegan and Breckan, my 
sister Andrea, and my in-laws Bob, Gail, Beth, Darren, Hannah, Joe, and Dan, I feel 
profoundly fortunate to have you in my life. 
I also remember fondly my family members lost during my Doctoral studies at the 
University of Illinois. I am grateful for Uncle Garth’s insight into photography, which was 
instrumental in selecting the right glass for my Geometric Morphometric imaging. As 
difficult and brief as your struggle with cancer was, I am thankful for that time and take 
 VIII
solace knowing how proud you were of your only nephew and, in turn, that you knew 
how much he admired you. I am thankful for the gift of an adventurous spirit given to me 
by Grandma and Grandpa Close, and though you were never able to meet your 
grandson Henrik, I hope to instill in him the same wanderlust that carried the two of you 
around the world. Finally, Grandma Davis, I’ll always be grateful for the work ethic you 
instilled in my father, who taught me its value in turn.  
Finally, to Dijon, my devoted bride, my beautiful wife, and mother of my son, I 
express my deepest gratitude and admiration. Through family deaths, the birth of our 
son, passing of my preliminary examinations, lightning strikes, house fires, and all 
things that have happened in the past few years, you’ve stood by me with unwavering 
and unrelenting love and support. I am profoundly grateful for your presence in my life 
and remain in awe of you.
 IX
TABLE OF CONTENTS 
 
CHAPTER I: THE CONVOLUTED HISTORY OF THE WESTERN RATTLESNAKE 
(CROTALUS VIRIDIS) COMPLEX ....................................................................... 1 
  
CHAPTER II: A BAYESIAN APPROACH TO THE MOLECULAR PHYLOGENETIC 
SYSTEMATICS OF THE WESTERN RATTLESNAKE COMPLEX  ................... 23 
 
 CHAPTER III: A CONTEMPORARY PERSPECTIVE ON WESTERN RATTLESNAKE 
MORPHOLOGY USING GEOMETRIC MORPHOMETRICS  ............................ 48 
 
CHAPTER IV: MULTIVARIATE ECOLOGICAL NICHE AND THE WESTERN 
RATTLESNAKE COMPLEX  ............................................................................ ..89 
 
 CHAPTER V: A COMPREHENSIVE PERSPECTIVE ON WESTERN RATTLESNAKE 
RELATIONSHIPS USING A SUPERTREE APPROACH  ................................ 115 
 
 CHAPTER VI: EVOLUTIONARY SIGNIFICANT DIVERGENCES IN THE WESTERN 
RATTLESNAKE COMPLEX  ............................................................................ 137 
 
 CHAPTER VII: EXECUTIVE SUMMARY ………………………...………………………168 
 
APPENDIX A:  ............................................................................................................. 172 
 X
APPENDIX B: ………………………………………………………………………………..175 
APPENDIX C: …..……………………………………………………………………………186
 1
CHAPTER I: THE CONVOLUTED HISTORY OF THE WESTERN RATTLESNAKE 
(CROTALUS VIRIDIS) COMPLEX 
 
1.1 Introduction 
Two centuries ago, the type specimen of the Western Rattlesnake (Crotalus 
viridis, Bradbury, 1817; Rafinesque, 1818; Holycross et al., 2008) was collected and 
described. In the interceding centuries, it has expanded into a polytypic species 
complex of nine subspecies (Klauber, 1956). Concomitantly, the groundwork for 
Evolutionary Theory was established (Darwin, 1859), the Modern Evolutionary 
Synthesis revolutionized the field (Huxley, 1942), the double helix model of DNA was 
described (Watson and Crick, 1953), and the modern era of evolutionary biology 
emerged. However, interrelationships within the Western Rattlesnake complex were 
slow to follow. 
Here the Western Rattlesnake complex is placed into an historical context that 
underscores the convoluted nomenclatural history of the complex and juxtaposes it 
against the rapid acceleration of evolutionary theory. Such an endeavor provides 
important insights in plotting a course towards a comprehensive understanding of 
Western Rattlesnake interrelationships. 
 
1.2 The History of the Western Rattlesnake complex  
On 21 June 1811, John Bradbury, on a collecting expedition along the upper 
Missouri river observed and collected a rattlesnake specimen from 40 miles west of the 
Missouri River; between the Heart and Cannonball rivers in what is now Morton County, 
 2
North Dakota (Bradbury, 1817; Holycross et al., 2008). This specimen would ultimately 
be examined by C.S. Rafinesque and become the type specimen of the Prairie 
Rattlesnake (Crotalinus viridis, Rafinesque, 1818). This initial description of Crotalinus 
viridis began a long and convoluted nomenclatural history, with numerous specimens 
described and junior synonyms assigned in a flurry of discovery in the century following 
the initial description. First, a specimen collected from the Rocky Mountains was 
described as Crotalus confluentus (Say, 1823). Later, a specimen collected from Cross 
Timbers (in what later became Oklahoma) was described as Crotalus lecontei 
(Hallowell, 1852). Edward Drinker Cope would provide an additional junior synonym at 
the end of the 19th century (1883). His first type specimen, Crotalus confluentus 
pulverulentus, was collected from Lake Valley, Sierra County New Mexico. Cope would 
also assign Say’s 1823 specimen as Crotalus confluentus confluentus. 
The initial description of Crotalinus viridis sparked a flurry of activity in collecting 
and describing the constituents of what would later be recognized as the Western 
Rattlesnake complex. All told, eight additional subspecies would be recognized. In 
1840, a rattlesnake collected on the banks of the Columbia (or possibly Oregon) River 
between Walla Walla and the Pacific coast, commonly referred to as the Northern 
Pacific Rattlesnake, was described as Crotalus oreganus (Holbrook, 1840). In the 
century following Holbrook’s description, two junior synonyms would be assigned to 
additional specimens (Crotalus Lucifer, Baird and Girard, 1852; Crotalus hallowelli, 
Cooper, 1868), and it would be synonymized on three separate occasions (Crotalus 
lecontei, Hallowell, 1859; Crotalus confluentus lucifer, Cope, 1883; and Crotalus 
confluentus oreganus, Amaral, 1929). 
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In 1859, the Southern Pacific Rattlesnake was collected on the Pacific Railroad 
Survey and described as Crotalus lecontei (Hallowell, 1859). This specimen would 
subsequently be synonymized twice (Crotalus lucifer, Cope, 1859; Crotalus confluentus 
lucifer, Cope, 1883) before a new specimen was collected from San Jose, Baja, 
California (Meek, 1905) and described as Crotalus helleri, but later synonymized with 
Crotalus confluentus oreganus (Amaral, 1929). 
Late in the 19th century, several Western Rattlesnake constituents were 
described and revised. The Great Basin Rattlesnake was synonymized with Crotalus 
lucifer (Baird, 1859), Crotalus confluentus (Yarrow, 1875), Crotalus confluentus lucifer 
(Cope, 1883), Crotalus confluentus lecontei (Cope, 1892), Crotalus oreganus (Van 
Denburgh, 1898), and Crotalus confluentus kelli (Amaral, 1929). In 1930, a new type 
specimen was collected near Joy, Millard County, Utah, and described as Crotalus 
confluentus lutosus. The Arizona Black Rattlesnake was synonymized with Caudisona 
lucifer (Cope, 1866) before a type specimen was collected from the San Francisco 
Mountains, Coconino County, Arizona and described as Caudisona lucifer cerberus 
(Coues, 1875). In 1883, this specimen was synonymized while maintaining its 
subspecific epithet, Crotalus oreganus cerberus (Garman, 1883). An insular species, 
the Coronado Island Rattlesnake, was first described in 1877 and initially synonymized 
with Crotalus adamanteus atrox (Streets, 1877). It would subsequently be synonymized 
an additional three times before 1930 (Crotalus confluentus, Boulenger, 1896; Crotalus 
oreganus, Van Denbugh, 1905; Crotalus confluentus oreganus, Amaral, 1929). The 
Hopi Rattlesnake was synonymized with Crotalus confluentus (Yarrow, 1883) before 
being given a subspecific epithet (Crotalus confluentus nuntius, Klauber, 1935). 
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Throughout this period, the Western Rattlesnake complex advanced in a 
decidedly Linnaean manner, with the primary objective being description, 
categorization, and nomenclatural assignment. Concomitantly, a sea change in the 
natural sciences occurred, culminating with the publication of Charles Darwin’s On The 
Origin of Species in 1859. This would signal a gradual shift from a strictly Linnaean 
approach (cataloging and naming biodiversity) to establishing nomenclature in light of 
evolutionary relationships among taxonomic units. 
Following the turn of the century, the final two members of the Western 
Rattlesnake complex would be described. The Midget Faded Rattlesnake was initially 
synonymized with Crotalus oreganus (Van Denburgh and Selvin, 1915) before a type 
specimen was collected at the base of the Henry Mountains, Garfield County, Utah and 
described as Crotalus concolor (Woodbury, 1929). Finally, the Grand Canyon 
Rattlesnake was described from a type specimen collected from the Grand Canyon, 
Coconino County, Arizona (Crotalus confluentus abyssus, Klauber, 1930). 
Clearly, in the century following the initial description of the Western Rattlesnake, 
natural historians made extensive contributions to the burgeoning American scientific 
community in general and the field of herpetology in particular. Yet the rapidity of these 
discoveries and descriptions led to numerous junior synonyms and thus considerable 
taxonomic uncertainty in the Western Rattlesnake complex. Further, this work was 
conducted under a decidedly Linnaean paradigm in which nomenclature was of primary 
importance, with relationships among taxa secondary. 
 By the 1930’s, considerable effort was required to disentangle the convoluted 
history of the dominant rattlesnake complex in North America, and a need to place it in 
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an evolutionary context was apparent. A San Diego businessman, inventor, and 
herpetologist would take on this challenge and, in so doing, arguably advance our 
understanding of rattlesnake biology more so than any individual before or since. 
Laurence M. Klauber harbored a deep affinity for reptiles and amphibians throughout his 
entire life. Beginning in 1923, he worked actively with the San Diego Zoo and the San 
Diego Natural History Museum in collecting, identifying, and analyzing herpetological 
specimens. He also developed an extensive network of naturalists who sent hundreds 
of samples to augment his studies. All told, Klauber garnered over 36,000 specimens, 
described 53 new species, and wrote over 100 scientific papers. In the process, he 
largely introduced quantitative analyses to the field of herpetology. 
While his general contributions to North American herpetology were vast, his 
insight into the Western Rattlesnake complex in particular revolutionized our 
understanding of this enigmatic group. Klauber collected and examined thousands of 
Western Rattlesnake specimens with the aim of clarifying the interrelationships within 
the complex. In developing a key to the rattlesnakes (Klauber, 1936), Klauber reviewed 
the nomenclatural history of the complex and recognized 9 subspecies (all sharing a 
unique character: the presence of two more internasal scales) within the overarching 
polytypic Crotalus viridis group. Klauber’s Western Rattlesnake complex would 
ultimately include the Grand Canyon (Crotalus viridis abyssus), Coronado Island 
(Crotalus viridis caliginis), Arizona Black (Crotalus viridis cerberus), Midget Faded 
(Crotalus viridis concolor), Southern Pacific (Crotalus viridis helleri), Great Basin 
(Crotalus viridis lutosus), Hopi (Crotalus viridis nuntius), Northern Pacific (Crotalus 
viridis oreganus), and, finally, Prairie (Crotalus viridis viridis) Rattlesnakes. These were 
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designated largely on geographic distribution, color, pattern, and other morphological 
characters (Klauber, 1936), but the concept of intergradation played heavily into 
Klauber’s perspectives on the complex (Douglas et al., 2002). 
The influence of the Modern Evolutionary Synthesis (Huxley, 1942) is apparent in 
Klauber’s work, as he constructed the first phylogenetic tree for rattlesnakes (1956; 
Figure 1) based upon a wide range of characters: cranial and vertebral osteology, body 
size, head and tail proportions, form and unit growth of the rattle, hemipenis, lungs, 
venom, squamation, color and pattern, ecological preferences, and geographic range. 
Klauber also relied on the unpublished osteological work of Brattstrom, who later (1964) 
published a phylogeny of rattlesnakes (including extinct taxa) based exclusively on 
these data. Klauber’s proposed phylogeny would stand largely unchanged until the 
advent of modern molecular methodologies. 
 
1.3 After the Revolution: Modern Evolutionary Insights 
The Western Rattlesnake (Crotalus viridis), as understood by Klauber, is a widely 
distributed, polytypic North American species (Klauber, 1972; Stebbins, 1985; Figure 2). 
It ranges across broad latitudinal and elevational gradients from the Missouri River in 
the east, into Saskatchewan, Alberta, and British Columbia in the north, along the west 
coast of the United States, and south into Mexico (Stebbins, 1985). Habitat types 
include deciduous and coniferous forests, scrub, prairie grasslands, shrub steppe, 
desert margins, and sand dunes across an elevational gradient from sea level to 4000 
meters (Ernst and Ernst, 2003). As a consequence, the species displays considerable 
variation both within and among populations, life stages, and subspecies. 
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Mature individuals are generally large and heavy bodied, displaying dazzling 
phenotypic variation in ground color that ranges from black, gray, olive, brown, yellow, 
tan, salmon, to red with dorsal blotches (n=20-57) that transition into cross banding near 
the tail. Dark dorsal bands (n=2-15) are also present on the tail. The venter varies in 
color from cream to gray with no dark markings. Two light diagonal lines occur on the 
lateral aspect of the head. One extends posteriorly from the anterior dorsal orbit to the 
supralabial scales, while the other extends from the ventral orbit posteriorly to the mouth 
(Figure 3). Ontogenetic variability is also present, as juveniles exhibit brighter, highly 
contrasting patterns that fade with age (Klauber, 1956; Figure 4). Taken as a whole, the 
Western Rattlesnake complex displays a remarkable degree of phenotypic variability. 
Western rattlesnake scale counts are also variable, both by gender and by 
population (Quinn, 1987). Ventral scales range from 158-196 and subcaudals from 13-
31. The anal plate is undivided. Dorsal body scales at midbody occur in 23-25 rows. 
Western rattlesnakes are the only crotalid with >2 internasal scales contacting the 
rostral scale. Ultimately there are 3-4 internasals, at least 8 scales preceding the 4-6 
intersupraoculars, with no prefrontal scales. Lateral head scutellation is comprised of 2 
nasals, 1 loreal, 2 preoculars, several small suboculars, 2 postoculars, 14-15 
supralabials, and 15-16 infralabials. The average snout to vent length (SVL) across 
subspecies is 663.08 mm (196.38 mm; Ashton, 2001). 
Inter- and intrageneric relationships among the Crotalinae have proven 
particularly enigmatic. Kaluber’s development of rattlesnake phylogenies was 
instrumental in advancing an understanding of Crotaline systematics, yet many of the 
subspecific designations, based primarily on morphological characters and presumed 
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intergradation, have failed the scrutiny of molecular phylogenetic analyses. Douglas et 
al. (2006, 2007) found poor support for traditional subspecific relationships in five 
Crotaline species (C. cerastes, C. mitchelli, C. ruber, and C. tigris). A molecular analysis 
of timber rattlesnakes (C. horridus) revealed that a subspecific split into C. h. horridus 
and C. h. atricaudatus along a north to south gradient were inappropriate, 
recommending the two be synonymized, and determining that the greatest molecular 
variation actually occurred across an east to west gradient, with two shallow clades 
emerging on either side of the Appalachians (Clark et al., 2003). Such disagreement is 
not uncommon, and incongruence between molecular clades and traditional subspecific 
designations are well documented (Burbrink et al., 2000; Demboski and Cook, 2001; 
Janzen et al., 2002). Infraspecific taxa present a perplexing taxonomic problem, and the 
Western Rattlesnake complex is a particularly stark example of this. 
Foote and MacMahon (1977) utilized venom and overall similarity to suggest a 
sister relationship between C. viridis and C. cerberus. They also suggested C. lutosus 
as sister to the entire complex. In contrast, Klauber (1972) indicated viridis as sister to 
concolor + lutosus [i.e., (viridis + (concolor, lutosus)], and oreganus as sister to cerberus 
+ helleri [i.e., (oreganus + (cerberus, helleri)]. 
Aird (1984) applied scutellation, venom, blood proteins, and climate/habitat 
characters to analyze several C. viridis subspecies. Although limited by geographic 
scope, he still found populations of C. viridis as much more differentiated than formerly 
stated (Klauber, 1972). He concluded that “based upon morphological, venom elution 
profile, and genetic distance data, concolor, viridis and lutosus appear to be legitimate 
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species. I suspect that eventually all of the viridis subspecies, except abyssus and 
possibly caliginis, will be recognized as species.” 
Quinn (1987) was the first to incorporate mtDNA in reconstructing relationships 
within C. viridis. Despite a strictly phenetic approach and small sample sizes, he 
recognized eastern and western lineages, and suggested the former (i.e., viridis and 
nuntius) be synonymized. He was unable to clarify relationships among western 
members. Unfortunately, the efforts of Aird (1984) and Quinn (1987) remain largely 
overlooked today. Pook et al. (2000) evaluated 68 individuals across all nine subspecies 
using mtDNA cyt-b and ND4L. Their study supported Quinn’s proposal of eastern and 
western clades, but further subdivided the western clade into three groups: 
southwestern (cerberus), Great Basin (abyssus and lutosus), and Pacific (caliginis, 
concolor, helleri, and oreganus). Although the basal-most member of the western clade 
was not defined, their results can be interpreted as indicating cerberus. Taxonomic 
changes were not proposed. Ashton and De Queiroz (2001) evaluated but 26 
individuals of the complex using ND2 and D-loop regions, and offered taxonomic 
recommendations: eastern group = C. viridis (composed of viridis and nuntius), while 
the western group = C. oreganus (composed of oreganus, abyssus, caliginis, cerberus, 
concolor, helleri, and lutosus). 
Douglas et al. (2002) used two rapidly evolving mtDNA genes (ATPase 8 and 6) 
to re-evaluate results of earlier studies and to define relationships in the largely 
unresolved western clade. They sampled 153 individuals from a wide range of 
populations, but emphasized the Colorado Plateau because it is pivotal to 
understanding the evolution of C. viridis (i.e., six clades potentially in contact at or near 
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the Grand Canyon). Weighted and unweighted maximum parsimony (MP), maximum 
likelihood (ML), and distance (NJ) analyses (rooted with Agkistrodon contortrix) all 
supported the same clades (Douglas et al., 2002). The eastern clade (as above) was 
100% diagnosable, yet nuntius was resolved at but 59%. This clade is most 
appropriately viewed as a distinct species with nuntius and viridis synonymized. The 
western clade was also well-defined and contained five Plateau lineages: (1) a basal 
cerberus (72%); (2) concolor (92%); (3) lutosus and abyssus (92%) [abyssus (88%) and 
a paraphyletic lutosus]; (4) a paraphyletic oreganus; and (5) helleri (89%, within which 
caliginis was nested). Yet relationships within the western clade (other than cerberus) 
suggested a more recent evolutionary history. 
Ultimately, these efforts have advanced the understanding of the complex in 
general, yet have not been reflected in the formal taxonomy. Indeed, while taxonomic 
changes have been adopted in North American herpetological circles (Crother et al., 
2003), formal acceptance by the International Commission on Zoological Nomenclature 
(ICZN) has not occurred. For the purposes of this study, we will adopt the Crother et al. 
(2003) classification, recognizing as our starting hypothesis an eastern (C. viridis) and 
western (C. oreganus) species (as above). 
 
1.4 A Comprehensive Reassessment of the Western Rattlesnake complex 
Traditional phylogenetics relies heavily on morphological data to infer inter- and 
intraspecific relationships, yet the advent of modern molecular data initially pushed 
morphological characters to the periphery. Such a shift is understandable. 
Phylogenetically informative characters in the form of DNA sequence data allow 
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hundreds, if not thousands, of data points to be accumulated, thus accessing an 
unlimited pool of diversity (Avise, 2004). The utility and efficacy of molecular data in 
polygenetic studies is solidly established and will continue to be de rigueur in future 
phylogenetic studies. Yet, these data do not always yield unequivocal hypotheses. 
Evolution is an ongoing process and molecular sequences may not yet have reached 
coalescence, particularly in populations recently diverged (e.g. those experiencing 
isolation in Pleistocene refugia followed by post-glacial expansion; Hewitt, 1996, 1999, 
2000). In these instances, corroborative evidence in the form of morphological 
characters can be an additional line of evidence (Wiens, 2000). Further, while molecular 
data can (generally) provide a selectively neutral perspective, morphological characters 
are often under intense selective pressures and can yield additional insights into the 
evolutionary trajectories of in-group taxa (McKay and Latta, 2002). 
This study juxtaposes molecular sequence data, traditional morphological 
characters, contemporary shape analyses, and ecological niche data within the 
phylogenetic context of a historically enigmatic, yet ecologically important pit viper 
complex, the Western Rattlesnake (Crotalus viridis). Phylogenetic hypotheses based on 
mitochondrial (mt) DNA advocate that all subspecies be elevated as either full species 
or as components of two larger clades. This issue remains unresolved and a more 
comprehensive examination is overdue, particularly with regard to the employment of 
additional (and independent) data sets. Hence, the objectives of this study are to: 1) 
Develop a composite mtDNA-based phylogenetic hypothesis for the Western 
Rattlesnake complex; 2) Describe morphological variation in the complex across its 
range using rigorous geometric morphometric analyses of head shape; 3) Assess niche 
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divergences by analyzing GIS-based macroecological variables; 4) combine 
morphological, ecological and (previously-derived) molecular datasets in a total 
evidence approach so as to generate a “supertree” phylogeny. The ultimate goal of this 
study is thus to reevaluate the phylogenetic relationships among Western Rattlesnake 
constituents and their taxonomic status. These efforts will provide the scientific baseline 
for future inquiry into the evolution of this group, as well as establish a necessary 
baseline for the conservation of its remarkable biodiversity.
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Figure 1. Phylogenetic hypothesis of the Western Rattlesnake complex, as derived by 
Laurence Klauber based upon scale counts, coloration, patterning, and standard 
measurements. Klauber was intrigued by the notion of intergradation, and this is 
reflected in large part in his phylogenetic hypothesis. Geographically proximate 
subspecies are largely grouped with one another. This was often but not exclusively 
reinforced by morphological characteristics. Interestingly, Klauber’s proposed phylogeny 
reveals the first evidence of two groups: an eastern [composed of Prairie (Crotalus v. 
viridis) and Hopi (C. v. nuntius) rattlesnakes] and western [composed of Grand Canyon 
(C. organus abyssus), Coronado Island (C. o. caliginis), Arizona Black (C. o. cerberus), 
Midget Faded (C. o. concolor), Southern Pacific (C. o. helleri), Great Basin (C. o. 
lutosus) and Northern Pacific (C. o. oreganus) rattlesnakes]. C. = Crotalus; o. = 
oreganus; v. = viridis]. 
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Figure 2. Map depicting the biogeographic distributions of the nine subspecies 
comprising the Western Rattlesnake (Crotalus viridis) complex in North America. C. = 
Crotalus; o. = oreganus; v. = viridis. 
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Figure 3. Lateral head image of a Prairie Rattlesnake (Crotalus viridis viridis). All 
Western Rattlesnake (C. viridis) complex members exhibit two characteristic light head 
stripes. One extends posteriorly from the anterior dorsal orbit to the supralabial scales, 
while the other extends from the ventral orbit posteriorly to the mouth. 
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Figure 4. Western Rattlesnake (Crotalus viridis) individuals undergo drastic ontogenetic 
changes. Image A depicts a neonatal Arizona Black Rattlesnake (C. o. cerberus), while 
B depicts an adult. Over ontogeny, color and pattern can change drastically, from a 
vivid, bright color and well-defined pattern early in life, to faded and indistinct markings 
in adulthood. 
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CHAPTER II: A BAYESIAN APPROACH TO THE MOLECULAR PHYLOGENETIC 
SYSTEMATICS OF THE WESTERN RATTLESNAKE COMPLEX 
 
2.1 Introduction 
The modern molecular era has ushered in the rapid accumulation of genetic 
sequence data across numerous taxa. As of 2008, ~99 million sequences totaling 
99+billion base pairs (bp) have been uploaded to GenBank, an annotated collection of 
all publicly available nucleotide sequences, with the bp number ~doubling every 18 
months (Benson et al., 2004). Further, the advent of next generation sequencing will 
increase data accumulation while decreasing costs (Metzker, 2009). Of paramount 
importance is how best to assimilate these data under a phylogenetic framework, i.e., 
how to effectively generate species trees from separate gene or DNA regions (Degnan 
and Rosenberg, 2006). Given the stochasticity in lineage sorting and differential 
mutation rates, sequences from identical individuals may yield discordant topologies 
across multiple gene trees, ultimately yielding inaccurate species trees (Degnan and 
Rosenberg, 2009). How this is addressed will have profound implications on species 
delimitation (Knowles and Carstens, 2007).  
Given these issues, the question remains how best to develop robust species 
trees. Two general approaches are proposed: sequence concatenation or supermatrix 
(De Queiroz and Gatesy, 2006) and supertree (Bininda-Emonds et al., 2002). Both are 
relatively recent, but each has gained traction in dealing with disparate data (Sanderson 
et al., 1998), with appropriate benefits and drawbacks.  
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Supertree approaches are appealing in that they only require source trees to 
share some (but not all) taxa. One can immediately see its utility, particularly with large, 
disparate datasets of extinct and extant taxa (Cotton and Wilkinson, 2009). This 
approach may elevate the incorporation of multiple lines of ecological and historical 
evidence into a resolved phylogeny that, in turn, provides a baseline for hypothesis 
testing. However, supertree methodologies may yield equivocal results (Bininda-
Emonds et al., 2007; Douglas et al., 2010; Chapter 5). 
Sequence concatenation or supermatrix approaches may well represent a viable 
alternative to supertree methodology, and are particularly useful in combining raw 
molecular sequence data. Concatenation is theoretically expected to improve 
phylogenetic accuracy (Erdos et al., 1999; Bininda-Emonds et al., 2001; Sanderson et 
al., 2003), even in the presence of differential evolutionary modes and rates that were 
unaccounted for in the concatenated analysis (Gadagkar et al., 2005). In addition, 
sequence concatenation can be analyzed in a Bayesian framework, which has a utility 
for developing robust molecular phylogenies (Mueller, 2006; Brown and Lemmon, 
2007). Sequence concatenation methodology does perform inconsistently under some 
situations (Sanderson and Driskell, 2003; Liu and Pearl, 2007; Lubatko and Degnan, 
2007), yet it can also yield well-resolved and strongly supported phylogenetic 
hypotheses when circumstances are correct. 
The Western Rattlesnake complex presents a unique opportunity to explore the 
efficacy of sequence concatenation in developing a robust phylogenetic hypothesis. 
Single region mtDNA analyses have been successful in shedding light on relationships 
within the complex (Chapter 1), yet some equivocation remains. A combined analysis 
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may increase confidence in alpha-taxonomic designations, thus providing clarity for 
future management of the complex. 
 
2.2 Materials and Methods 
A concatenated Bayesian Analysis (BA) (Gadagkar et al., 2005) was used to 
develop a robust phylogenetic hypothesis for the Western Rattlesnake complex. 
Sequence data for six mtDNA regions (ATPase 6&8 (ATP6&8), cytochrome B (Cyt-b), 
Displacement Loop (D-loop), NADH dehydrogenase subunit 2 (ND2), and NADH 
dehydrogenase subunit 4L (ND4L) were acquired for each of nine subspecies from 
GenBank (Appendix A). Subspecies were constructed as composites in that different 
individuals were used for each region (Pook et al., 2000; Ashton and De Queiroz, 2001; 
Douglas et al., 2002). 
As multiple sequences were available for each subspecies at each region, three 
different methods were applied to select sequence concatenation. First, individual 
sequences were randomly selected per subspecies and outgroup (= Mohave Green 
Rattlesnake, Crotalus scutulatus) from the pool of sequences available on GenBank. 
Second, locality data were accessed for each subspecies and the individual most 
geographically proximate to the type locality was selected for each respective mtDNA 
region. Finally, for each subspecies and each mtDNA region, a consensus sequence 
was created from the original raw data. 
Once sequences were derived for each subspecies at each mtDNA region, they 
were fused using the sequence concatenation function in Geneious (Drummond et al., 
2010), allowing sequences to be joined end-to-end and thus creating a single sequence 
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or alignment document from several individual mtDNA region sequences. In this 
instance, sequences were ordered as they would appear in the mitochondrial genome, 
moving clockwise from D-loop (at 12 o’clock), with the final arrangement as: D-loop  
Cyt-b  ND4L  ATP8&6  ND2. 
Sequences were subjected to alignment in Muscle (Edgar, 2004) using default 
settings (e.g. Gap Opening Cost = 15, Gap Extending Cost = 7). Preliminary statistics 
were calculated. The model of nucleotide substitution that best fits each mtDNA region 
was selected using ModelTest (Posada and Crandall, 1998). Concatenated sequences 
were then partitioned in Mr. Bayes (Huelsenbeck et al., 2001) and their respective 
model of evolution was applied (as previously calculated). BA (Mr. Bayes) was then 
conducted using the following conditions: four heated chains (temp = 0.2) run 
simultaneously for 5,100,00 iterations with a random seed of 16,288. Burn-in was set at 
1,000,000 iterations, and subsampling frequency was 5,000 iterations, yielding 16,400 
trees. Branch lengths were set to unconstrained. 
Bayesian analysis diagnostics (including run log likelihood mean, standard 
deviation, and 95% confidence intervals) were assessed to ensure each run achieved 
convergence and avoided local maxima. The traces of sample likelihoods were plotted 
to verify random walk of the Markov Chain Monte Carlo (MCMC).  
Posterior probabilities represent the proportion of samples that revealed the 
clade in question, and thus provide strength of support for each clade. For example, a 
posterior probability = 1.00 indicates that every MCMC chain revealed the clade in 
question, thus indicating a high degree of support. The resultant BA tree was rooted at 
C. scutulatus, and relationships of the Western Rattlesnake complex were assessed. 
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2.3 Results 
Concatenated mtDNA sequences were developed for all nine subspecies (= in-
group taxa) of the Western Rattlesnake complex and one outgroup using three different 
selection methodologies (as above). Sequence lengths, percent pairwise identities, GC 
content, and percent ambiguous sites all varied slightly (Table 1). In particular, the 
percentage of ambiguous sites was extremely low. Randomly selected and consensus 
concatenation each yielded 0.7% ambiguous sites, while the type locality concatenation 
had 0.8% ambiguous sites. Overall differences were minimal between the three 
methods in terms of sequence concatenations analyzed. 
Hierarchical likelihood ratio (HLRT) tests revealed each individual mtDNA region 
conformed to a distinct model of evolution. The best model for ATP8&6 was Tamura-Nei 
plus a Gamma shape parameter (TrN+G). Hasegawa-Kishino-Yano plus Gamma 
(HKY+G) was deemed best for Cyt-b, while D-loop required the Hasegawa-Kishino-
Yano plus Gamma plus Proportion Invariant (HKY+G+I). The best model for ND2 was 
Transition Model plus Gamma (TIM+G), and Tamura-Nei plus Gamma plus Proportion 
Invariant (TrN+G+I) for ND4L. 
Markov Chain diagnostics revealed convergence within the first 250,000 
iterations of the chain, suggesting post burn-in data represented reliable estimates. 
Mean log-likelihood equaled -9982.7555  .005375. Autocorrelation became negligible 
within 1,024 samples. Post burn-in inspection of the log likelihood plot illustrated 
sufficient mixing. Ultimately, diagnostics revealed the MCMC ran efficiently with no 
detectable issues and the resulting phylogenetic hypothesis for the Western 
Rattlesnake complex was thus deemed reliable. 
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The BA analysis of the randomly selected sequences provided a single well-
supported tree (Figure 5). Strong support emerged for Eastern and Western lineages 
(1.00 posterior probability). The Eastern lineage was composed of Prairie (C. v. viridis) 
and Hopi (C. v. nuntius), with a posterior probability of 1.0, indicating this relationship 
was recovered in all trees sampled in this analysis. The sister status between Prairie 
and Hopi rattlesnakes was therefore strongly supported. 
Relationships within the Western clade were fully resolved and generally well-
supported. C. o. cerberus was the basal member of this clade (1.00 posterior 
probability, Figure 1). In addition, two well-supported sisters to the Arizona Black 
Rattlesnake were also recovered (1.00 posterior probability). The first was C. o. 
oreganus (0.69 posterior probability) sister to C. o. helleri plus C. o. caliginis (1.00 
posterior probability). The second consisted of C. o. concolor (0.71 posterior probability) 
sister to C. o. lutosus plus C. o. abyssus (1.00 posterior probability). The placement of C 
o. oreganus and C. o. concolor is somewhat tenuous in that posterior probabilities for 
both clades were somewhat reduced. 
The BA analysis of the type locality sequence concatenation resulted in a slightly 
different topology than randomly selected concatenation, and with considerably higher 
support values (Figure 6). Eastern vs. western divergence was once again recovered 
with strong support (1.00 posterior probability). Relationships between viridis and 
nuntius in the eastern lineage were also well supported (1.00 posterior probability). 
Within the western lineage, cerberus was the basal member of the group (1.00 posterior 
probability) with oreganus sister (1.00 posterior probability). In addition, two well-
supported clades sister to oreganus were recovered: concolor and lutosus + abyssus, 
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and helleri + caliginis. All relationships received posterior probabilities of 1.00, with the 
exception of concolor and lutosus + abyssus (0.95). 
The BA analysis of the consensus sequence concatenation resulted in a third 
topology that differed from randomly selected and type-locality concatenations (Figure 
7). Eastern vs. western divergence was again recovered with strong support (1.00 
posterior probability), while relationships between viridis and nuntius in the eastern 
lineage were also recovered (1.00 posterior probability). Within the western lineage, 
cerberus was the basal member (1.00 posterior probability) with oreganus as sister 
(1.00 posterior probability). A polytomy composed of concolor, helleri + caliginis, and 
abyssus + lutosus was recovered as sister to oreganus (0.99) posterior probability). 
Relationships within this polytomy (e.g. helleri + caliginis, and abyssus + lutosus) were 
well-supported (1.00 posterior probability). 
A patristic (=branch length) distance matrix was derived from the type-locality 
tree, as it represented the most fully resolved, strongly supported phylogenetic 
hypothesis (Table 2) and revealed in- vs. out-group distances were an order of 
magnitude greater than those within the in-group. The shortest distance between 
subspecific pairs was 0.0089 (C. o. helleri/ caliginis), followed by C. v. viridis/ nuntius 
(0.0103) and C. o. lutosus/ abyssus (0.012). Eastern and western lineage constituents 
exhibited relatively consistent distances from one another (~0.08). In addition the 
Arizona Black Rattlesnake (C. o. cerberus) maintained a relatively consistent distance 
between itself and the remainder of the western lineage (> 0.05). To summarize, the 
greatest distances were between out- and in-group taxa, followed by eastern vs. 
western lineages, followed by Arizona Black vs. remaining western lineage constituents. 
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2.4 Discussion 
Bayesian analysis of concatenated mtDNA sequences revealed generally well-
supported phylogenetic hypotheses for the Western Rattlesnake complex, though 
topology varied slightly depending on the method of sequence selection. Across all 
three, eastern and western lineages were consistently recovered with strong support, 
and congruent with single mtDNA region phylogenetic hypotheses (Pook et al., 2000; 
Ashton and De Queiroz, 2001; Douglas et al., 2002), as well as Klauber’s 
morphological-based Western Rattlesnake tree (1956; Chapter 1, Figure 1). 
Incongruence among single region phylogenies largely manifested itself in western 
lineage constituents. Of the three analyses, type-locality analysis (Figure 6) was the 
most resolved, and a well-supported phylogenetic hypothesis for the western lineage 
was reasonable given geographic distributions of constituents (Chapter 1, Figure 2). 
Molecular evidence has previously supported the monophyly of the eastern 
lineage, and this was reinforced in these analyses. However, strong support for the 
sister status of Prairie (C. v. viridis) and Hopi (C. v. nuntius) in the eastern lineage was 
also noted, suggesting both recent divergence and incipient species (Wake, 1997; 
Pinho et al., 2008).  
The western lineage is well resolved with separate and independent evolutionary 
trajectories for its subspecies. Indeed, the Arizona Black Rattlesnake receives strong 
support for a deep historical divergence, a result congruent with most single-region 
mtDNA analyses (Pook et al., 2000; Ashton and De Queiroz, 2001; Douglas et al., 
2002). Resolution of the remaining taxa was elusive in single-region mtDNA studies, yet 
results herein represent strong evidence for their divergences. If reciprocal monophyly 
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were applied as criteria for species delimitation, the Northern Pacific (C. o. oreganus), 
Southern Pacific (C. o. helleri + C. o. caliginis), Midget Faded (C. o. concolor), and 
Great Basin (C. o. lutosus + C. o. abyssus) would warrant revisionary consideration. 
Unfortunately, these encouraging results must be tempered with limitations of the 
data themselves. The utility of mtDNA in phylogenetic analyses is well established 
(Avise, 2004), but it is not the silver bullet for species delimitation. The shortcomings of 
mtDNA are well documented (reviewed in Douglas et al., 2002; Rubinoff and Holland, 
2005). Specifically, it represents a single molecule. While a well-supported, robust 
phylogenetic hypothesis may emerge, it represents a single gene tree, not the desired 
species tree (Doyle, 1992; Will et al., 2005). As such, corroborative evidence from 
additional data sources (e.g. nuclear DNA, morphological, ecological) must be involved.  
In addition, the veracity of both data and analyses must be considered. First, is 
taxonomic sampling sufficient? Second, do these data show hallmarks of an instability 
for which concatenated sequence data are prone (Gadagkar et al., 2005)? Heavy taxon 
sampling has long been proposed as a critical component in developing 
phylogenetically accurate and stable phylogenies (Pollock et al., 2002; Zwickl and Hillis, 
2002). Problems stemming from incomplete taxon sampling include multiple shortest 
trees, poorly resolved consensus trees, and decreased phylogenetic accuracy 
(reviewed in Wiens, 2003). However, these issues can be ameliorated by increasing the 
number of characters (Rosenberg and Kumar, 2001; Wiens, 2003; Hedtke et al., 2006) 
and by employing Bayesian methodology (Wiens, 2005; Wiens and Moen, 2008). The 
former issue was resolved in this study by concatenating 6 mtDNA regions, thereby 
incorporating over 4KBp in this study. The latter was accomplished by analyzing the 
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data in a robust Bayesian context to yield a single, well-supported phylogenetic 
hypothesis. 
Given the above, the Bayesian phylogenetic hypothesis presented herein 
represents a robust assessment of alpha level taxonomy of the Western Rattlesnake 
complex. However, shallow sampling may in fact obscure diversity within the complex. 
Douglas et al. (2002) extensively sampled individuals within each subspecies of the 
complex and presented an extensive phylogenetic hypothesis using the ATPase6&8 
regions of the mitochondrial genome. Their results, in regards to alpha taxonomic 
relationships, are similar to those presented herein. However their study also revealed 
evidence of cryptic speciation within both the Northern Pacific (C. o. oreganus) and 
Great Basin (C. o. lutosus) rattlesnakes. As such, while Bayesian Inference of 
concatenated mtDNA sequence was effective in revealing well-supported relationships, 
the potential for shallow sampling within subspecies obscures potentially cryptic 
species. 
Concatenated sequences are also particularly prone to issues of long branch 
attraction (LBA; Sanderson et al., 2003), or the incorrect grouping of two or more long 
branches as sister groups due to methodological artifacts (reviewed in Bergsten, 2005). 
However, it is unlikely that LBA has contributed to instability in the Western Rattlesnake 
hypothesis developed herein. First, analyzing a restricted number of taxa but a large 
number of characters within a Bayesian framework has great utility in alleviating the 
influence of LBA on phylogenies (Wiens, 2005; Wiens and Moen, 2008). Second, given 
the taxonomic rank (subspecies) and evolutionary history of the western rattlesnake 
complex (relatively recent divergence), the likelihood of LBA is low. Indeed 
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assessments of single mtDNA regions for the Western Rattlesnake complex have not 
revealed evidence of LBA (Pook et al., 2000; Ashton and de Queiroz, 2001; Douglas et 
al., 2002), and thus it is unlikely to have unduly influenced the topology of the 
concatenated BA phylogenetic hypothesis. 
Ultimately, Bayesian Inference of combined datasets has shown great utility in 
deriving stable, well-supported phylogenetic hypotheses, even when faced with 
complex, parameter-rich models (Nylander et al., 2004). Thus the phylogenetic 
hypothesis presented herein represents a particularly robust assessment of the Western 
Rattlesnake complex that is suggestive of the elevation of six subspecies (i.e. viridis, 
cerberus, concolor, helleri, lutosus, and oreganus) to full species status, as well as the 
maintenance of subspecific status for the remaining three (i.e. nuntius, abyssus, and 
caliginis). Further, assessment of nuclear DNA and/ or novel morphological and 
ecological data would represent additional corroborative evidence and, in tandem, 
would yield a comprehensive and definitive assessment of relationships within the 
Western Rattlesnake complex. 
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Table 1. Comparison of sequence composition for concatenated mitochondrial (mt)DNA 
sequences constructed by combining 5 mtDNA regions for subspecies of the Western 
Rattlesnake (Crotalus viridis) complex. Sequences were selected from a set of 
sequences by region and for each of 9 subspecies by one of three methods: sequences 
randomly selected (Random), sequences from individuals collected geographically 
proximate to the type locality (Type Locality), and a consensus sequence derived per 
region from all individuals from each subspecies (Consensus). Length = sequence 
length in base pairs; % Identical = the percentage of identical sites across concatenated 
sequences; % pairwise identity = proportion of identical sites across pairwise 
comparisons; GC% = percentage of the sequence composed of the bases Guanine (G) 
and Cytosine (C); % Ambiguous = percentage of sites in which one of four bases 
(ACTG) could not be unambiguously assigned. 
 
Sequence Length % Identical % Pairwise Identity GC % Ambiguous 
Random 4362 62.7 89.5 41.8 0.7 
Type Locality 4392 54.2 84.9 43.5 0.8 
Consensus 4532 63.6 87.6 43.4 0.7 
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Table 2. Patristic distance matrix based on Bayesian Inference phylogenetic hypothesis 
for the Western Rattlesnake (Crotalus viridis) complex derived from type locality 
analysis. CS = Crotalus scutulatus; COC = C. oreganus cerberus; CVV = C. v. viridis; 
CVN = C. v. nuntius; COK = C. o. concolor; COO = C. o. oreganus; COA = C. o. 
abyssus; COL = C. o. lutosus; COH = C. o. helleri; COG = C. o. caliginis. 
 CS COC CVV CVN COK COO COA COL COH COG
CS 0    
COC 0.1234 0   
CVV 0.1089 0.0840 0  
CVN 0.1097 0.0848 0.0103 0  
COK 0.1236 0.0503 0.0843 0.0851 0  
COO 0.1240 0.0507 0.0847 0.0855 0.0293 0  
COA 0.1265 0.0532 0.0871 0.0879 0.0291 0.0322 0  
COL 0.1251 0.0517 0.0857 0.0865 0.0277 0.0308 0.0120 0 
COH 0.1273 0.0539 0.0879 0.0887 0.0326 0.0275 0.0354 0.0340 0
COG 0.1263 0.0530 0.0870 0.0878 0.0316 0.0266 0.0345 0.0331 0.0089 0
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Figures 
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Figure 5. Bayesian Inference phylogenetic hypothesis for the Western Rattlesnake 
(Crotalus viridis) complex derived from analysis of six concatenated mtDNA sequences, 
where mtDNA regions were selected at random. Two distinct lineages emerged: an 
eastern [composed of the Prairie (Crotalus v. viridis) and Hopi (C. v. nuntius) 
rattlesnakes], and a western [composed of Grand Canyon (C. oreganus abyssus), 
Coronado Island (C. o. caliginis), Arizona Black (C. o. cerberus), Midget Faded (C. o. 
concolor), Southern Pacific (C. o. helleri), Great Basin (C. o. lutosus), and Northern 
Pacific (C. o. oreganus) rattlesnakes]. All relationships received posterior probabilities = 
1.00, with the exception of oreganus and helleri + caliginis (posterior probability of 0.69), 
and concolor and lutosus + abyssus (posterior probability of 0.71). 
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 Figure 5 (cont.).
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Figure 6. Bayesian Inference phylogenetic hypothesis for the Western Rattlesnake 
(Crotalus viridis) complex derived from analysis of six concatenated mtDNA sequences 
where mtDNA regions were selected based on geographic proximity to the type locality. 
Two distinct lineages emerged: an eastern [composed of the Prairie (Crotalus v. viridis) 
and Hopi (C. v. nuntius) rattlesnakes], and a western [composed of Grand Canyon (C. 
oreganus abyssus), Coronado Island (C. o. caliginis), Arizona Black (C. o. cerberus), 
Midget Faded (C. o. concolor), Southern Pacific (C. o. helleri), Great Basin (C. o. 
lutosus), and Northern Pacific (C. o. oreganus) rattlesnakes]. All relationships received 
posterior probabilities >0.95, resulting in a strongly supported, well-resolved 
phylogenetic hypothesis. 
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Figure 6 (cont.).
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Figure 7. Bayesian Inference phylogenetic hypothesis for the Western Rattlesnake 
(Crotalus viridis) complex derived from analysis of six concatenated mtDNA sequences 
where mtDNA regions were composed of consensus sequences. Two distinct lineages 
emerged: an eastern [composed of the Prairie (Crotalus v. viridis) and Hopi (C. v. 
nuntius) rattlesnakes], and a western [composed of Grand Canyon (C. oreganus 
abyssus), Coronado Island (C. o. caliginis), Arizona Black (C. o. cerberus), Midget 
Faded (C. o. concolor), Southern Pacific (C. o. helleri), Great Basin (C. o. lutosus), and 
Northern Pacific (C. o. oreganus) rattlesnakes]. All relationships received posterior 
probabilities >0.99, yet a polytomous relationship between concolor, helleri + caliginis, 
and abyssus + lutosus was revealed. While concatenated consensus phylogenetic 
hypothesis received strong posterior probability support, the polytomy raises questions 
regarding the relationships within the western lineage. 
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Figure 7 (cont.).
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CHAPTER III: A CONTEMPORARY PERSPECTIVE ON WESTERN RATTLESNAKE 
MORPHOLOGY USING GEOMETRIC MORPHOMETRICS 
 
3.1 Introduction 
Both morphometric and molecular data carry significant phylogenetic signal, yet 
molecular approaches have been in ascendancy for the past decade, due in large part 
to shifting priorities among individual researchers (Avise, 2004). Although each type of 
data represents a unique perspective, their juxtaposition has decreased in popularity 
(but see Douglas et al., 2008). Two factors are involved: the accessibility and relative 
ease of molecular methods (Barraclough and Nee, 2001; Delsuc et al., 2005; Lynch, 
2007), and the ubiquitous proposition that morphological phylogenies are largely 
incongruent with those derived using molecular approaches (Lewin, 1985; Hillis, 1987; 
Patterson et al., 1993; O’Leary and Geisler, 1999; Naylor and Adams, 2003). The 
former position is indisputable, yet empirical evidence has largely failed to support the 
latter. Although molecular datasets yield a phylogenetic signal that is moderately 
stronger than that of morphology (Wortley and Scotland, 2006), differences are not as 
vast as once thought (Cotton and Wilkinson, 2008). 
We suggest the gap between morphological and molecular resolution is closing, 
due largely to a newer perspective on morphological analyses. While the counts and 
linear measurements of traditional morphology can have difficulty resolving species 
level relationships (Packer et al., 2009), geometric morphometric (GM) approaches yield 
greater accuracy and statistical power (Rohlf, 2002; Polly, 2001; Lockwood et al., 2004; 
with practical limitations discussed by Rohlf, 1998; Zelditch et al., 1998). We provide a 
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brief overview of GM approaches below. We also note the juxtaposition of phenotypic 
shape with molecular data has been ubiquitous, involving numerous taxonomic groups 
 (Adams et al., 2004), including coleopterans (Pretorius and Scholtz, 2001) turtles 
(Claude et al., 2003; Claude et al., 2004), fishes (Fink and Zelditch, 1995; Cavalcanti et 
al., 1999), and mammals (Swiderski, 2003; Cardini and O’Higgins, 2004; Lockwood et 
al., 2004). Analyses of head or skull shape in lepidosaurians (= lizards and snakes; 
Jones et al., 2008; Kalinotzopoulou et al., 2007) are important in that the vertebrate 
head is often critical for feeding, mating, territorial defense, and other functions, and is 
thus interpreted as a paradigm for mosaic evolution (Kalinotzopoulou et al., 2008). 
Taken as a whole, these studies elucidate the ability of GM methodology to derive a 
potentially consistent signal grounded within evolutionary ecology.  
Here we apply GM analyses in an attempt to shed additional light on the 
interrelationships of the Western Rattlesnake complex. Traditional morphology and 
modern molecular data yield insight into relationships within the Western Rattlesnake 
complex, yet their topologies remain incongruent and relationships somewhat equivocal. 
Assessment of novel characters (e.g. head shape) may yield important insights into the 
complex interrelationships among component characters, as well as the evolutionary 
ecology of the group.  
 
3.2 Materials and Methods 
Geometric Morphometric Shape Data Acquisition 
High-resolution digital photographs of the dorsal head were obtained from 3,172 
museum specimens of Western Rattlesnake by using a Nikon D90 digital single lens 
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reflex digital camera and a Nikon 105mm f/2.8G ED-IF AF-S VR Micro-Nikkor Lens. 
Adults, juveniles, and neonates were visualized and these effectively spanned the 
geographic distributions of each taxon (Chapter 1, Figure 1).  
A total of 32 homologous landmarks were identified and digitized using the 
tpsDIG program (Rohlf, 2001; Figure 8). Landmarks consist primarily of Type I and 
sliding semi-landmarks (see Bookstein, 1996), and are defined by their Cartesian (X/Y) 
coordinates. Procrustes analysis (GPA; Gower, 1976) was applied to analyze shape 
and to eliminate all non-shape sources of variation. GPA rotates, transforms, and scales 
landmark configurations to a uniform position and orientation, effectively eliminating 
variation due to size and orientation. The remaining variation is due only to differences 
in head shape. Alignment of landmark configurations is achieved through least-squares 
superimposition (Bookstein, 1996).  
Landmark configurations were standardized to remove scale and to determine 
the centroid (= geometric center of gravity). Landmark configurations in all specimens 
were equilibrated by setting centroid size = unity. Following standardization, all 
configurations were superimposed onto new centroid coordinates, centered on the 
same coordinates, then rotated to best fit, thus minimizing variation among landmarks 
(Zelditch et al., 2004).  
The thin plate spline (TPS; Bookstein, 1989) describes the manner in which a 
reference configuration must be stretched/ compressed so as to align its landmarks with 
a particular specimen. Eigenvectors derived from a bending energy matrix (= sum of 
bending energies that apply to any two perpendicular coordinates, and which is 
inversely proportional to scale) constitute the principle warps and represent the axes of 
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variation in shape data. These describe all possible head shape variation in a particular 
specimen. A variance-covariance (VCV) matrix depicts the axes of variation defined by 
the eigenanalysis (Collyer et al., 2005). GPA and TPS were applied to landmark 
configurations using tpsRELW (Rohlf, 2003). 
A variety of diagnostic tools were used to assess the efficacy of the shape 
variables. A comparison of Kendall’s shape and tangent space dictates the proper 
distance measures to employ (e.g. Procrustes and linear, respectively). If variation 
between shape and tangent spaces is small, then both methods can be reliably applied. 
A test for variance between shape and tangent space was completed in TPSsmall 
(Rohlf, 2003). Additionally, the variance explained by sliding semilandmarks and GPA 
was assessed using Principal Components Analysis (PCA) that rotates the data and fits 
new orthogonal axes that maximize the variance explained (McCune and Grace, 2002). 
These axes are linear combinations of the original variables and the decrease in their 
dimensionality defines the variability in the data. These axes (termed ‘relative warps’ in 
a GM context), reflect each specimen relative to the new (and reduced) dimensionality. 
PCA was employed extensively as a first step in analyzing various subsets of shape 
data, and as a method to describe and visualize variation in shape space. Further, PCA 
was used in a diagnostic capacity to eliminate redundancies arising from the use of 
sliding semilandmarks and GPA. When variance explained becomes both negligible and 
consistent, it no longer contributes to real shape variation and instead represents 
redundancies in the data. PCA was conducted in R (R Development Core Team, 2010). 
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Data Analytics 
Three hierarchical levels were used to evaluate shape data. First, sexual 
dimorphism was assessed across the entire data set by applying Multivariate Analysis 
of Variance (MANOVA). At the second level, shape differences were assessed between 
the two previously defined lineages (i.e. eastern and western; Chapter 2, Figure 2) 
using discriminant function analysis (DFA), MANOVA, and Procrustes Trajectory 
Analysis (PTA). Finally, the latter were again applied to assay shape differences among 
subspecies within each lineage. 
MANOVA was applied at each hierarchical level (as above) to test if groups 
differed in shape. Model terms at the first level were gender, maturation stage (e.g. 
neonate, juvenile, adult) and their interactions (as independent variables) vs. centroid 
size (CS) and shape (as dependent variables here and in all subsequent MANOVAs). 
Independent variables for the second level were gender, maturation stage, lineage 
(eastern or western) and their interactions, while the third level included gender, 
maturation stage, subspecies, and their interactions. 
DFA was applied to assess whether an individual’s phylogeny on shape alone 
could be accurately discriminated. To hold possible effects of ontogeny and sexual 
dimorphism constant, shape was first regressed against gender, maturation stage, and 
their interactions. Residuals were then subjected to a linear DFA with classification 
based on a cross validation jackknife procedure. This was done at only two of the 
hierarchical levels: eastern vs. western clades and using 9 subspecies (sensu Klauber, 
1956).  
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If significant differences were found among groups (i.e. eastern vs. western 
lineage; subspecies), a third analysis using Procrustes Trajectory Analysis (PTA; 
Collyer and Adams, 2007; Adams and Collyer, 2009) evaluated the extent of these 
differences. The phenotypic evolution of a lineage can be visualized as a vector in 
multivariate phenotype space across evolutionary levels. Requisite parts of the vector 
(i.e., direction, magnitude, and shape) can be quantified and compared with other 
vectors that represent populations, OTUs, species (etc.). Using group means, the vector 
of shape change through ontogeny by gender was calculated for each subspecies. A 
permutation procedure was then applied to randomize the data and recalculate the 
vectors. After 9999 iterations, pairwise comparisons were tested for significance. 
Gender-specific comparisons tested for significant sexual dimorphism, whereas same 
gender-different-subspecies evaluated ontogenetic shape differences. Pairwise 
significance was assessed for magnitude, direction, and shape (e.g. angles of vectors 
between means) of the Procrustes trajectory, allowing for a more comprehensive 
assessment of shape differences.  
Finally, a phenogram depicting differences in shape among subspecies was 
derived from a Mahalanobis distance matrix based on GM shape data. This allowed for 
a depiction of shape-based relationships among groups and also served as input for 
subsequent supertree analyses (Chapter 5). Given its the-well defined placement of as 
the basal member of the complex, the tree was rooted at viridis. Support values were 
generated for the tree by conducting 10,000 bootstrap replicates. 
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3.3 Results 
Shape Diagnostics 
A total of 33 landmarks were digitized on 3172 individuals, and yielding a total of 
66 raw shape variables (33 X and 33 Y coordinates). Those, with missing data (e.g. 
locality, gender, subspecific epithet, etc.) were removed, leaving 3098 individuals for 
subsequent shape analyses. GPA was performed on a set of 33 landmarks (17 Type I, 
16 sliding semilandmarks; Figure 8) followed by regression of Kendall’s shape and 
tangent shape space in TPSsmall to gauge shape difference between data types. The 
latter revealed a tight correlation between the two shape spaces (r2 = 0.9999).  
GPA implements a PCA to yield Procrustes shape variables, known as relative 
warps. The first three relative warps explained 27.6, 14.8, and 10.4% of the variance, 
respectively (52.54% cumulatively). At 33 variables, 97.61% of the variance is 
explained, and the addition of subsequent variables consistently accounts for 
approximately 0.20% additional variance. As such, it is assessed that shape variables 
34 through 62 represent redundancies in the data arising from sliding semilandmarks 
and the GPA procedure. 
 
First Hierarchical Level: The Western Rattlesnake Complex  
A consensus shape configuration was derived across all Western Rattlesnake 
complex individuals (Figure 9). MANOVA revealed significant deviations from this shape 
due to gender and stage of maturation (Table 3). The interaction between variables, 
however, was non-significant. 
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Eastern vs. Western Lineage 
The consensus configuration for the Eastern Clade shows a more elongate and 
oviform morphology (Figure 10), while the Western Clade consensus configuration 
reveals the stereotypical spearhead morphology (Figure 11), defined as a broad 
posterior aspect constricting sharply at the neck and narrowing anteriorly. The 
deformation between Eastern and Western morphologies (Figure 12) depicts anterior 
constriction and slight posterior broadening as shape transitions from the oviform to 
spearhead. 
Exploratory PCAs reveal few trends in the data. Eastern and Western clades 
clustered along the first PC axis when plotted against the second axis (Figure 13). Thus, 
it is unclear if this indicates differences due to phylogenetic history, or an artifact of 
sexual dimorphism and/or ontogeny. 
Eastern and western lineage differed significantly in head shape centroid size, as 
well as the interaction between lineage and centroid size (MANOVA; Table 4). DFA was 
successful (at 84.2%) in assigning all individuals to clade based on shape variables 
(Table 5). It was less successful with eastern lineage individuals, assigning only 72.2% 
correctly. However, it was extremely efficient in assigning western lineage individuals to 
clade, with 89.7% correctly assigned.  
PTA conducted pairwise comparisons between-genders-within-clades and within-
genders-among-clades. These revealed that western lineage males and females were 
significantly different in the direction and shape of their trajectories, while no significant 
sexual dimorphism in shape trajectories was found in the eastern lineage. Pairwise 
comparisons between eastern and western lineage males differed significantly in size, 
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direction, and shape of Procrustes trajectories, while females were significantly different 
in size and direction of the Procrustes trajectory. In summation, both genders in the 
eastern lineage differ significantly from those in the western lineage with regards to 
direction and magnitude of their ontogenetic shape change vectors. Male members of 
the eastern and western lineages also differed in the shape of the trajectory. 
 
Eastern Lineage Subspecies 
Examination of C. v. viridis vs. C. v. nuntius shows that the latter form expands 
laterally at the rictus (the corners of the mouth and widest point of the rattlesnake head) 
while constricting anteriorally (Appendix B: Figures 20 and 21). However, differences 
within the Eastern Clade are slight. MANOVA revealed a number of significant 
differences between nuntius and viridis. Sexual dimorphism, ontogeny (i.e. stage), and 
size (i.e. centroid size) were all significant terms. The full model also revealed a number 
of significant interactions: stage x subspecies, stage x size, subspecies x size, gender x 
subspecies x size, and stage x subspecies x size. Given these significant interactions, 
the main effects become difficult to interpret. 
DFA is reasonably efficient in allocating individuals to subspecies with an overall 
classification rate of 74.87%. However, viridis maintains a strong shape signature, as 
individuals are correctly classified at 91.18% (Table 6), whereas nuntius was poorly 
discriminated at 34.98%. 
PTA indicates that amount of shape change and its direction are 
indistinguishable between nuntius and viridis. However, the shape of the trajectory 
differs significantly between the two, with considerable change from neonate to juvenile, 
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and from juvenile to adult. Shape change trajectory for viridis is less pronounced for 
those same transitions.  
 
Western Lineage Subspecies 
The Arizona Black Rattlesnake (C. o. cerberus) depicts perhaps the most 
extreme form, with a decidedly compact, spearheaded shape (Appendix B: Figure 23) 
that broadens considerably at the rictus (i.e. the parallel corners of the mouth) and 
constricts anteriorally. The Northern Pacific Rattlesnake (C. o. oreganus), in contrast, 
exhibits a more stereotypical rattlesnake head shape (Appendix B: Figure 24), being 
more spearheaded than the Eastern clade, yet less so than the Arizona Black 
Rattlesnake. The Southern Pacific (C. o. helleri; Appendix B: Figure 25) and Coronado 
Island (C. o. caliginis, Appendix B: Figure 26) rattlesnakes are intermediate between 
Arizona Black and Northern Pacific rattlesnakes, with both exhibiting some broadening 
at the rictus and anterior narrowing, yet intermediate between the two extreme forms 
(Arizona Black and Northern Pacific). The Coronado Island form also exhibits a unique 
head shape that is considerably more compact than other Clade members. The Midget 
Faded Rattlesnake (C. o. concolor) exhibits the most oviform and Eastern-like shape of 
all Western members (Appendix B: Figure 27). The remaining, more derived members 
of the Western Clade exhibit relatively spearheaded shapes. The Great Basin 
Rattlesnake (C. o. lutosus) shows broadening at the rictus, but is also less constricted 
anteriorally than most other members (Appendix B, Figure 28) of the Western Clade. 
The Grand Canyon Rattlesnake (C. o. abyssus) exhibits a similar shape morphology, 
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and is broad at the rictus and intermediately constricted anteriorally (Appendix B: Figure 
29). 
MANOVA revealed significant difference among subspecies of the western 
lineage. In addition, the terms gender (i.e. dimorphism), stage (i.e. ontogeny), and size 
(i.e. centroid size) were significant as well. The full model also revealed a number of 
significant interactions: gender x subspecies, stage x subspecies, stage x size, 
subspecies x size, gender x stage x subspecies, gender x stage x size, gender x 
subspecies x size, and stage x subspecies x size, gender x stage x subspecies x size. 
Given the number and complexity of significant interactions in the full model MANOVA, 
the ability to draw strong inferences from this analysis is greatly reduced. 
DFA, with sexual dimorphism and ontogeny held constant, correctly assigned 
49.74% of individuals to OTU. Only three subspecies were correctly assigned >50%: 
helleri (51.61%), lutosus (56.73), and oreganus (61.24). DFA performed most poorly in 
abyssus, with only 2.8% correctly assigned. Additionally, 18.31% of cerberus, 37.0% of 
concolor, and 39.53% of caliginis were correctly assigned. Thus, the DFA was unable to 
efficiently allocate individuals to subspecies. 
Sexual dimorphism in shape change over ongoteny was detected in only one of 
nine Western Rattlesnake subspecies (lutosus), in which the angle of shape change 
was significantly different between males and females. Pairwise comparisons by gender 
between subspecies yielded ambiguous results with few significant differences in shape 
change trajectory. In pairwise comparisons between females, significant differences 
were found only between lutosus and helleri and lutosus and oreganus. Significant 
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differences in subspecific pairwise comparisons were found between males of cerberus 
and lutosus, oreganus and lutosus, and helleri and lutosus. 
 
Shape-Based Western Rattlesnake Phenogram 
 
Analysis of the distance matrix reveals four groupings based on GM head shape. 
Given molecular phylogenetic hypotheses (Chapter 2, Figure 6), the tree was rooted by 
the eastern lineage, comprised of viridis + nuntius. In the western lineage, concolor 
emerged as the basal member of the group. The Northern Pacific Rattlesnake 
(oreganus) emerged as sister to a Colorado Plateau grouping of lutosus and abyssus + 
cerberus. Finally, a southern California/Baja group comprised of helleri + caliginis was 
recovered. 
 
3.4 Discussion 
Species are described morphologically, and this approach has both historic and 
immediate impacts with regard to phylogenetic considerations (MacLeod, 2002; Cardini 
and Elton, 2008). GM approaches are well suited to the study of phylogeny because of 
their greater accuracy and statistical power (Polly, 2001; Lockwood et al., 2004) and 
their application to phylogenetic exploration is growing within the field. Three aspects of 
shape description (Douglas et al., 2001) lie at the heart of GM: (1) the exact definition of 
anatomical homologies among forms; (2) the quantification of anatomical landmarks in 
shape space; and (3) the use of deformation grids to visualize and quantify shape 
changes among forms superimposed one on another. 
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Cardini and Elton (2008) used GM to assess the phylogenetic signal in the skull 
of an old world monkey (genus: Cercopithecus), and found two major clades that 
corresponded with an earlier molecular hypothesis (Tosi et al., 2005). These results 
illustrate the potential of GM in addressing species phylogenies, and show promise in 
diagnosing major clades based on cranial morphology. GM shape data have also been 
recently used to disentangle complex relationships amongst taxonomic groups, 
particularly Long-nosed Snakes (Manier, 2004), Horned Lizards (Leache et al., 2009), 
Cyprinid fishes (Zhang et al., 2009), Water Beetles (Hajek and Fikacek, 2010), and 
Honeybees (Kandemir et al., 2011). These data thus provide an additional line of 
evidence for derivation of phylogenetic systematics and taxonomy. 
The efficacy of GM methodology in discriminating well-defined species has also 
been successfully demonstrated in numerous contexts. Assessment of cranial shape in 
African Mastomys (Multimmamate Mouse) found nearly 90% of all individuals were 
correctly assigned to species (Lalis et al., 2009). Body shape analysis of haplochromine 
cichlids revealed that approximately 70% of all individuals were assigned correctly to 
species (Odhiambo et al., 2011). Finally, combined molecular and GM shape analyses 
uncovered new Spermophilus (Ground Squirrel) species (Gunduz et al., 2007). Thus, 
GM methodology is of great utility in providing an additional line of evidence for the 
delineation of species. 
The present study is a comprehensive assessment of head shape in the Western 
Rattlesnake complex, and serves as a parallel evaluation of evolutionary lineages 
previously derived via molecular analyses (Chapter 2). Earlier morphometric studies 
often relied exclusively on Multivariate Analyses of Variance (MANOVA, see Leache et 
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al., 2009) to compare and contrast OTUs. However, this study applied additional (and 
statistically rigorous) analytics to extend our evaluation at multiple phylogenetic levels, 
and as a mechanism to account covariation that may obscure the phylogenetic signal 
found in head shape.  
Sexual Dimorphism and Ontogenetic Shifts 
Sexual dimorphism (SD) in squamate reptiles, and snakes in particular, is 
documented across a vast number of species (Rivas and Burghardt, 2001), and is 
manifested in a number of areas: body size, shape, scalation, coloration, ecology, and 
in the size and placement of internal organs (Shine, 1994). The evolution of SD is 
attributable to either differential sexual selection, or adaptive (natural) selection (Fitch, 
1981; King, 1989). Sexual selection arguments rely upon the presence of more fecund 
females or more competitively successful males (in terms of male-male combat). 
Adaptive arguments, on the other hand, have centered on selection for larger female 
body size, particularly within viviparous forms. Evidence in crotaline snakes points to 
sexual selection as the driving force for sexual dimorphism (Gibbons, 1972; Amarello et 
al., 2010). While sexual size dimorphism has been the focus for most studies, it is 
sexual shape dimorphism, particularly relating to trophic morphology, that forms the 
premise for this project. Furthermore, the derivation of these gender-specific shape 
differences is due solely to GM methodology.  
Assessment of sexual shape dimorphism in the Cottonmouth (Agkistrodon 
piscovorous) underscored gender-specific resource exploitation (Vincent et al., 2004) 
highly correlated with body size. Diet of male Cottonmouth, the larger sex, is primarily 
larger piscine prey, whereas female diet is predominantly smaller anuran prey. Gender-
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specific resource exploitation is thus grounded in sexual size dimorphism, yet has 
manifested itself in sexual shape dimorphism as well, irrespective of size, in that trophic 
morphology is being driven by prey selection (i.e. males eating larger panfish versus 
females consuming smaller, more cylindrical frogs). Sexual size dimorphism has also 
been recognized in many rattlesnakes, including the Western Rattlesnake (Shine, 1978; 
Diller and Wallace, 1984) and may promote gender-specific prey selection (as above), 
with its associated divergence in trophic morphologies.  
Ontogenetic shifts in color and pattern, venom composition, prey selection, 
behavior, and other characteristics are similarly well documented in viperids, particularly 
rattlesnakes (Klauber, 1956). Contemporary research has documented ontogeny in 
venom composition (Mackessy, 1988; Mackessy et al., 2003) and venom delivery 
(Hayes, 1991; Hayes, 1995; Hayes et al., 1995). In addition, ontogenetic differences in 
growth rates have been similarly documented (Beaupre et al., 1998), as well as diet 
(MacArtney, 1995; Andrade and Abe, 1999; Mackessy et al., 2003; La Bonte, 2007). 
Given this, and the fact that snakes are gape-limited predators, it only seems plausible 
that head shape will likewise shift ontogenetically as well. In fact, Agkistrodon vary 
ontogenetically in both prey choice and head shape, thus providing a crucial link 
between the two (Vincent et al., 2004b). This study similarly found significant 
differences in head shape as the Western Rattlesnake shifted across its ontogenetic 
development. We suggest these  reflect variance in prey selection across life history 
stages. However, a statistical assessment of prey vs. head shape is required to test 
whether ontogeny is the driver of trophic morphology in the Western complex. 
 
 63
Shape Divergence Between the Eastern and Western Lineages 
Molecular data unequivocally support two distinct lineages in the Western 
Rattlesnake complex (Chapter 2, Figure 6). GM assessment of head shape revealed 
significant differences between lineages. The most direct assessment emerged from a 
DFA that eliminated the confounding factors of gender and ontogeny and by so doing 
correctly allocated 90% of Western Clade and 70+% of Eastern Clade individuals 
(overall classification rate = 84.2%). Ontogenetic shape change also differed 
significantly between lineages with regard to magnitude, direction, and trajectory angle. 
Further, the magnitude of the shape change vector is significantly greater in the eastern 
lineage indicating far greater shape change through ontogeny (within both genders) 
than found in the western clade. Ultimately, males in both clades diverge significantly in 
the shape, magnitude, and direction of shape change through ontogeny, while females 
differ significantly in size and direction only. Thus, not only do the eastern and western 
lineages differ in head shape, they also differ in how shape manifests itself over 
ontogeny. Specifically, head shape undergoes much greater change from neonate to 
adult in the eastern lineage (as evinced by a significant magnitude vector). In addition, 
the change in shape is a driver for significantly different morphologies as well. Vector 
shape and angle differences reveal that shape diverges, and ultimately exists 
differentially, through ontogeny in multivariate shape space. 
 
Shape Differences Among Subspecies 
Geometric Morphometric analyses have been employed to address subspecific 
status in lepidosaurian groups, and with varying degrees of success. An assessment of 
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the Longnose Snake (Rhinochelis lecontei) merged traditional morphometrics with GM 
methodology but was unsuccessful in identifying subspecific differences within the 
complex or in supporting phylogenetic hypotheses (Manier, 2004). On the other hand, 
an integrated assessment of molecules, morphology (including GM analyses of head 
shape), and ecology underscored that three (of five) subspecies in the Coast Horned 
Lizard (Phrynosoma cornutum) should be elevated to species (Leache et al., 2009). In a 
broader sense, merging GM methodology with molecular phylogenetics and ecological 
analyses can disentangle complex intraspecific relationships and elucidate cryptic 
diversity. On the other hand, unequivocal results are not always readily obtained, 
suggesting influences beyond phylogeny may significantly impact head morphology. 
 In this study, eastern lineage viridis were correctly assigned over 90% of the 
time, while its sister subspecies nuntius was correctly assigned at 30+%. In addition, 
PTA revealed no difference between viridis vs. nuntius males, or viridis vs. nuntius 
females in the magnitude or direction of the shape change vector. However, the angle 
of shape change differed significantly in both comparisons. This indicates shape change 
from neonate to juvenile and from juvenile to adult differs between viridis and nuntius, 
and also that juvenile morphology differs between viridis and nuntius whereas neonatal 
and adult shapes do not. Ultimately, this suggests that while significant shape 
differences exist, they are slight and the proximate cause is due only in part to 
phylogeny, and furthermore, that nuntius for all intents and purposes is indistinguishable 
from viridis in terms of GM head shape. 
Results for the western lineage were more diffuse. The efficacy of the DFA in 
assigning individuals to subspecies was extremely low. Only three subspecies (helleri, 
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lutosus, and oreganus) were correctly allocated >50% (and all <75%). Despite this poor 
performance, interesting trends emerged, particularly with regards to the assignment of 
subspecies as sister taxa. Crotalus o. caliginis was most often misidentified (23%) as C. 
o. helleri, its sister taxon. While these results are not equivocal, they are informative in 
that they occur at the terminal tips of phylogeny where other factors may dampen the 
signal. 
To further extend this analogy, MANOVAs were employed to determine whether 
shape differed significantly between Eastern and Western clades, and among 
subspecies (sensu Klauber, 1956). While these tests did reveal shape differences 
between clades and among subspecies, interactions were also statistically significant. 
These effectively obscured any inferences that might be drawn as to what factors (e.g. 
phylogeny, ontogeny, sexual dimorphism, etc.) drive shape difference within the 
complex. 
Procrustes Trajectory Analysis (PTA) is an emerging methodology designed to 
compare allometric/ontogenetic shape change among OTUs (Collyer and Adams, 2007; 
Adams and Collyer, 2008; Adams and Collyer, 2009). PTA utilizes pairwise 
comparisons among OTUs to quantify magnitude, direction, and angle of a phenotypic 
vector (one that encapsulates shape change through allometry/ontogeny). In this study, 
we compare the ontogenetic phenotype among subspecies of the western lineage. 
Further, comparisons were made by gender among subspecies and between genders 
within subspecies. Two general trends were revealed. First, sexual dimorphism within 
species is generally minimal. Only one pairwise gender comparison (i.e. C. o. lutosus) in 
one trajectory component (i.e. shape in C. o. lutosus) was significantly different. While 
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this isn’t to say that sexual dimorphism is nonexistent in the western lineage, it does 
argue that shape change over ontogeny is similar between males and females in the 
lineage. More simply, while shape itself may differ between genders of a subspecies, 
the manner by which it changes through ontogeny is statistically similar. 
Pairwise comparisons between subspecies are less clear-cut, with significant 
differences in one or more components (with none differing across all three trajectory 
components). These results are certainly less clear than the lineage-level PTA, yet they 
reinforce the argument that significant shape differences exist among subspecies, as 
does ontogenetic shape changes as well. 
Ultimately, the question remains: do subspecies within the western lineage differ 
in head shape? From a qualitative perspective, they do. MANOVA also confirms 
significant differences in head shape among subspecies. However, complex interactions 
with other model terms confound any conclusions. Finally, how shape changes through 
ontogeny is revealed through PTA, with these trends explored below for each 
subspecies. 
The Grand Canyon Rattlesnake (C. o. abyssus) has a stereotypic head shape, 
decidedly spear-shaped and compressed along the antero-dorsal axis. This yields a 
compact anterior-to-posterior head morphology, sharply constricted anteriorally while 
broad posteriorally. This morphology is closest in distance to its sister taxa lutosus and 
to the basal cerberus. 
Similar to abyssus, cerberus head shape is stereotypically spearheaded. It is 
compressed medially at the anterior aspect, extremely broad and rounded at the rictus, 
and constricted sharply at the neck. Basal cerberus presents an interesting conundrum 
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in the context of head shape in the western lineage as it does not differ from other more 
derived members, lutosus and abyssus. However, molecular and traditional 
morphological evaluations (Douglas et al., 2002) point to cerberus as the most variable 
member of the group. Given the elevated variance in other datasets, it is possible that 
head shape is equally as variable, thus conflating the differentiation of cerberus from 
more derived members of the lineage. 
Emerging close to the abyssus + cerberus group, lutosus shows slight lateral 
expansion at the anterior aspect, but also slight rostral compaction. Its constriction at 
the neck is also less pronounced than for either abyssus or cerberus. While lutosus 
maintains a distinctly broad, compact, and spearheaded morphology, it is slightly less 
pronounced as is the head shape of abyssus or cerberus. 
The Coronado Island Rattlesnake (caliginis) groups closely with its sister taxa 
(helleri). Its head is compressed transversely towards the rictus. In addition, constriction 
at the posterior aspect is less severe than other members of the lineage. Given its close 
association to the mainland helleri, it is not surprising that DFA assigned caliginis to 
helleri at the same rate. Thus caliginis, while distinct from remaining members of the 
lineage, is indistinct from helleri in head shape. 
As above, helleri and caliginis form a group sister to one another. Head shape in 
helleri is less transversely compacted than is caliginis, with slight anterior compaction, 
distinct broadening at the rictus, and a gradual constriction at the neck. Ultimately, both 
helleri and caliginis represent a morphology intermediate between the compact, arrow 
shaped lutosus-like head and the more oviform viridis head shape (below).  
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A distinctly oviform head shape is present in a group comprised of concolor and 
viridis + helleri. The eastern lineage as a group exhibits a definite oviform morphology in 
which the head expands laterally at both the posterior and anterior aspects such that 
the rictus width becomes less pronounced across the transverse span of the head. 
Thus, the eastern lineage deviates from the stereotypical, arrowhead Rattlesnake 
morphology into one that is more elongate and oviform. Interestingly, concolor is 
geographically proximate to the western lineage (Chapter 1, Figure 2) yet is more 
closely aligned phenotypically with the eastern lineage. Anteriorally, concolor expands 
transversely and also extends rostrally. Posteriorally, constriction behind the rictus at 
the neck is well-defined and less gradual than viridis, and is ultimately more similar to 
western lineage constituents. Thus, while closer to the eastern lineage, it still maintains 
uniquely western lineage characteristics. 
Finally, oreganus emerges as unique to the remaining members of the Western 
Rattlesnake complex. It exhibits similar rostral compaction as does lutosus, but with less 
pronounced constriction at the posterior aspect. In addition, both posterior and anterior 
curvatures are pronounced and less severe from the rictus than in other western lineage 
members. Thus, oreganus maintains a morphology that is lutosus-like anteriorally, and 
viridis-like posteriorally. 
Ultimately, a number of interesting trends emerge when the shape perspective of 
the Western Rattlesnake complex is evaluated. Two general morphotypes emerge (i.e., 
viridis-like vs. lutosus-like). Western lineage members generally maintain lutosus-like 
characteristics, while eastern lineage constituents are decidedly viridis-like. In addition, 
sister taxa well-supported in molecular phylogenies (Chapter 2, Figure 2) still group with 
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one another (e.g. viridis and nuntius, helleri, caligninis), suggesting the presence of a 
muted phylogenetic signal. Finally, some interesting placements emerge (e.g. concolor 
and viridis + nuntius, lutosus and abyssus + cerberus), but they generally correspond to 
geographically proximate groupings. This suggests ecology may play an important role 
in driving head morphology, thereby potentially masking the phylogenetic signal and 
yielding a pheongram topologically incongruent with molecular hypotheses. 
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Table 3. Western Rattlesnake (Crotalus viridis) complex MANOVA testing for significant 
differences in head shape by gender, maturation stage (i.e. neonate, juvenile, and 
adult), and their interactions. Significant sexual dimorphism was detected in both sex 
and stage. DDF = dependent variable degrees of freedom; Pillai = Pillai’s Trace; F = F 
value; IDF = independent variable degrees of freedom; DeDF = degrees of freedom 
associated with model error; Pr (>F) = probability of a significance at an alpha level of 
0.05. 
 
 DDF Pillai F IDF DeDF Pr (>F) 
Sex 1 0.036 3.560 32 3061 < 0.001 
Stage 2 0.522 33.837 64 6124 < 0.001 
Sex*Stage 2 0.024 1.152 64 6124 0.191 
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Table 4. Western Rattlesnake (Crotalus viridis) complex MANOVA testing for significant 
differences in head shape by lineage, size, and their interactions for eastern and 
western lineage of the complex. DDF = dependent variable degrees of freedom; Pillai = 
Pillai’s Trace; F = F statistic; IDF = independent variable degrees of freedom; DeDF = 
degrees of freedom associated with model error; Pr (>F) = probability of a significance 
at an alpha level of 0.05. 
 
 DDF Pillai F IDF DeDF Pr(>F) 
Lineage 1 0.412 67.143 32 3063 < 0.001 
Centroid Size 1 0.633 165.381 32 3063 < 0.001 
Lineage x CS 1 0.046 4.604 32 3063 < 0.001 
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Table 5. Discriminant function analysis of GM head shape data and jackknife cross-
validation test that assigned individual rattlesnakes to eastern (E) and western (W) 
lineages. Overall classification rate was 0.842. Western individuals were more readily 
assigned to lineage than eastern, suggesting a more specific head shape.  
 
Species W E Total 
W 1903 218 2121 
E 272 705 977 
Proportion 0.897 0.722 0.842 
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Table 6. Discriminant function analysis of GM head shape data reveals a well-defined 
Prairie Rattlesnake (Crotalus viridis viridis) whereas shape in the Hopi Rattlesnake (C. 
v. nuntius) is poorly defined. Overall classification rate was 74.87%, though viridis was 
correctly classified at 91.18%. GM head shape data performed poorly in discriminating 
nuntius, with only 34.98% correctly classified.  
 
Subspecies nuntius viridis Total 
nuntius 99 184 283 
viridis 61 631 692 
Proportion 0.350 0.912 0.749 
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Figures 
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Figure 8. A total of 33 dorsal landmarks were digitized on each of 3,172 Western 
Rattlesnakes. A total of 17 Type I landmarks, representing discrete juxtapositions of 
scales and 16 sliding semilandmarks, which assess curvatures, were used.  
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Figure 9. Consensus configuration (overall mean shape) for all Western Rattlesnake 
(Crotalus viridis) individuals. Subsequent figures depict the mean shape of specific 
groups and how they deform from this mean configuration. 
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Figure 10. Deformation grid for the eastern lineage of the Western Rattlesnake 
(Crotalus viridis) complex. Isobars indicate the deformation from the mean configuration 
for the complex. The eastern lineage morphotype is distinctly oviform in head shape, 
with both posterior and anterior lateral expansions. In addition, the rostrum extends 
forward, yielding a slightly curved, elongate head shape. 
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Figure 11. Deformation grid for the western lineage of the Western Rattlesnake 
(Crotalus viridis) complex. Isobars represent deformation from the mean configuration 
for the Western Rattlesnake complex. The western lineage morphotype is spear-tip 
shaped. It is compacted at the rostrum, constricts sharply at the anterior aspect, and 
tapers quickly forward of the broadest point of the head. 
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Figure 12. Deformation grid depicting the shape changes from eastern to western 
lineagein the Western Rattlesnake (Crotalus viridis) complex. Isobars indicate that the 
oviform eastern morphotype is compressed considerably at both the anterior and 
posterior aspects. In particular, a large amount of rostral deformation occurs in 
transitioning from the oviform eastern morphotype to the spearheaded western 
morphotype. 
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Figure 13. Principal Components Analysis depicting eastern (v) and western (o) lineage 
individuals in the first two axes. PCA reveals considerable overlap in head shape 
between the two lineages, particularly along the second axis, but with some separation 
along the first axis.  
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Figure 14. Mahalanobis distance based pheongram depicting shape similarity among 
Western Rattlesnake (Crotalus viridis) individuals. Three general groups emerged. An 
eastern lineage morphotype group emerged, nuntius, and viridis, and exhibiting a 
distinctly oviform morphotype. A second, western lineage morphotype, consisting of a 
basal concolor recovered as unique. A Great Basin form composed of oreganus sister 
to lutosus and abyssus + cerberus emerged, exhibiting a distinctly spearheaded 
morphology. Finally, a Southern Pacific morphotype, comprised of helleri and caliginis 
was recovered. Subspecies revealed to be closely related sister taxa via analyses of 
molecular data were largely recovered in this phenogram. Specifically, nuntius + viridis, 
helleri + caliginis, and lutosus + abyssus emerged as close to one another in this 
analysis. Otherwise, the topology of the shape-based pheongram was incongruent with 
molecular hypotheses. 
 88
Figure 14 (cont.).
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CHAPTER IV: MULTIVARIATE ECOLOGICAL NICHE AND THE WESTERN 
RATTLESNAKE COMPLEX 
 
4.1 Introduction 
Ecology is an integral component of natural selection. It significantly shapes 
biodiversity (Rundle and Nosil, 2005; MacColl, 2011) and, in conjunction with 
vicariance, drives speciation (Smith et al., 1997; Orr and Smith, 1998; Moritz et al., 
2000). Thus, an association of ecological data with species delimitation is not only 
warranted, but essential (Matthews et al., 2011; McInnes et al., 2011).  
Ecological literature suggests that phenotypic variance of a species increases 
with distributional area (Van Valen, 1965; Gould and Johnston, 1972). Yet comparing 
the two is laborious and thus rarely done. At issue is quantification of variance within 
and among taxonomic groups (Felsenstein, 1985; Martins and Hansen, 1997; 
Freckleton et al., 2002) and how effectively (and efficiently) can these data be 
incorporated (Wiens and Graham, 2005, Rissler and Apodaca, 2007). The ecological 
approach has been augmented by widely available ‘geographic information system’ 
(GIS) databases. These, combined with an expanding digital database of geo-
referenced museum specimens, effectively elevate sample size in phylogenetic inquiries 
(Wiens and Donoghue, 2004; Kozak et al., 2008). 
In this study, ecological divergence is assessed in the Western Rattlesnake 
(Crotalus viridis) complex, a clade of 9 North American subspecies restricted primarily 
to western North America (Klauber, 1956). These data are used to test if: (1) 
subspecies within the complex display distinct ecological niches, and (2) the latter 
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contribute significantly to variation in trophic morphology irrespective of phylogenetic 
constraints. To test, we first explored divergences among subspecies along multivariate 
ecological axes, then assessed efficacy of ecological variables to discriminate among 
subspecies. Finally, we employ the phylogenetic comparative method (PCM; Pagel, 
1997) to examine if ecological variables significantly influence phenotype irrespective of 
phylogeny. Specifically, we employ Phylogenetic Generalized Least Squares (PGLS; 
Pagel, 1989) to assess the influence of bioclimatic variables on geometric morphometric 
(GM) head shape in the study group. The squamate head is a mosaic of trophic 
morphology, functioning as the primary organ for prey acquisition, and thus may reflect 
the influence of trophic ecology on the organism (Kaliontzopoulou et al., 2008; Vincent 
et al., 2009). 
 
4.2 Materials and Methods 
Ecological data for 1435 adults were used to construct an environmental 
framework within which 8 of the 9 subspecies reside (Chapter 1, Figure 2). The 
Coronado Island Rattlesnake (C. o. caliginis) was eliminated from these analyses due to 
lack of data. Latitude/ longitude coordinates were obtained from museum locality 
records for each of the 1435 specimens and converted into a point file with ArcMAP v10 
(ESRI, 2010). Elevation and bioclimate variables (WorldClim-Global Climate Data, 
Hijmans et al., 2005) were added as raster layers, again using ArcMAP. BioClim 
provides a useful proxy for ecological variation among taxonomic groups (Hijmans et al., 
2005). A total of 24 layers were added (Appendix C), with individual occurrences 
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extracted using ‘Extract Values to Points’ (ArcMAP) and employed as input for 
subsequent analyses using R (R Development Core Team, 2010). 
Ordination methods quantified multivariate ecological differences among 
subspecies. Groups in close Euclidean distance proximity, as calculated from an 
environmental variable matrix for 1435 adults, were subjected to Metric 
multidimensional scaling (MDS). Coordinates for each were plotted against the first two 
MDS ordination axes to determine ecological similarities among subspecies. An 
estimate of correspondence (i.e., ‘stress’) was calculated between initial data vs. 
coordinates, with a strong relationship (i.e. low stress) indicated by values approaching 
zero. 
Factor Analysis (FA) was also employed to reduce the dimensionality of the 
multivariate data by combining correlated ecological variables into composite factors 
that most parsimoniously explained variance. Loadings also indicated which variables 
drive the patterns observed in the MDS plot. FA with varimax rotation (which maximizes 
the sum of the variance of the squared loadings) was applied to the environmental 
matrix for the 1435 adult Western Rattlesnakes. A scree plot assessed the optimal 
number of factors. Loadings >0.4 explained a moderate amount of variance while those 
>0.6 had greater explanation (Costello and Osborne, 2005). A Chi-Square test of 
significance determined if the variance was explained by the n factors. 
To test if environmental variables were sufficiently distinct among subspecies, 
Discriminant Function Analysis (DFA) was employed to allocated individuals to 
subspecies based solely on environmental variables. A DFA was first developed using a 
subset of individuals (a training set), then applied to the remainder of the individuals for 
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total classification. Correct classification rates for each subspecies were derived to 
determine how well subspecies segregated along ecological variables. This was 
conducted at both the lineage level (i.e. eastern vs. western lineage), and at the 
subspecies level. 
Understanding ecological divergence among subspecies in multivariate space is 
an important step in assessing species boundaries. However, are environmental 
variables driving the evolutionary process by influencing phenotypic change? Here, 
PGLS was employed to disentangle the manner by which (a) evolutionary history (i.e. 
phylogenetic constraint) and (b) ecology (as above) impacted head shape in Western 
Rattlesnakes. 
PGLS asks if the strength of a phylogenetic signal obscures an additional effect, 
in this case, ecology. This approach is of great utility, in that one OTU (operational 
taxonomic unit) evolved in low deserts, a second along the coast, and a third in upland 
forest. A MANOVA using traditional least squares estimation of ecological parameters 
as independent variables may well yield a significant result, whereas a MANOVA with 
PGLS estimation may not, particularly when ecology and phylogeny are confounded 
(Pagel and Harvey, 1989; Freckleton et al., 2002). 
Dorsal head shape was obtained using GM methodology (Chapter 4), while the 
ecological dataset was obtained as above. Each was subjected to Principal 
Components Analysis (PCA) as a means of reducing dimensionality and eliminating 
redundancy. The first 32 shape PCs represented head dimensions, while the first five 
ecological PCs represented environmental factors. Group means were calculated for 
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both datasets. Finally, we employed a Bayesian supermatrix mitochondrial DNA 
phylogeny (Chapter 2) as a phylogenetic relatedness matrix. 
Models were compared using PGLS estimation of parameters (Pagel, 1997; 
Martins and Hansen, 1997), and differences among groups were tested for significance 
using the Sums of Squares and Cross Product (SSCP) trace in MANOVA as the test 
statistic. The ecological data were randomized by individual, the group means 
recalculated, and a randomized SSCP trace calculated 9,999 times to yield a null 
distribution. The observed value was then compared against the null distribution to 
determine if the test statistic was equal or greater than the observed (yielding a 
randomized P-value, Prand). This was done first for the unconstrained datasets and 
subspecies, and then repeated for the phylogenetically constrained dataset (i.e., to 
determine if differences among subspecies in head shape was due to the selective 
pressures of the environment rather than to phylogenetic relationships). 
Finally, a phenogram depicting ecological similarities among subspecies was 
derived from a Mahalanobis distance matrix based on ecological variables (as above). 
This allowed for a visual depiction of ecological similarities among subspecies and also 
served as input for subsequent supertree analyses (Chapter 5). 
 
4.3 Results 
MDS revealed considerable separation among groups along the first two 
coordinates (Figure 15), with stress (= 4.01 x 10-14), indicative of strong 
correspondence. Additionally, the ecological FA revealed a declining amount of 
variance across four factors. The first explained 35.8%, while second through fourth 
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explained 19.6%, 16.8%, and 12.3%, respectively (cumulatively, 84.5%). A significant 
Chi-square test confirmed that four factors indeed explained the variance (X2 = 
16145.24, DF = 87, P(87) < 0.0001). Factor one was primarily variables associated with 
temperature, while Factor 2 was exclusive precipitation. A single variable (Mean Diurnal 
Temperature) defined Factor 3, while Mean Temperature in Wettest Quarter (a 
combination of factors 1 and 2) was the only variable heavily loading onto Factor 4 
(Figure 16). Cumulatively, the four significant factors represented variation in 
temperature, its daily range, and precipitation (Table 7). In addition, MANOVA revealed 
significant ecological differences among subspecies (Pillai’s Trace = 3.7292, df = 7, p = 
2.2 x 10-16).  
DFA based upon BioClim ecological variables was effective in assigning 
individuals to both lineage and subspecies. Some 90.9% of all Eastern lineage (C. v. 
viridis and C. v. nuntius), and 99.41% of all Western lineage (C.v. oreganus sensu lato), 
were correctly allocated, with an overall correct classification of 99.08%. At the 
subspecies level, 94.61% of all individuals were correctly assigned. Only Arizona Black 
(C. o. cerberus) and Hopi (C. v. nuntius) were <80% (Table 8). In both, some individuals 
were misallocated to geographically proximate subspecies with a narrow zone of 
contact. Arizona Black was only misclassified as Hopi, which in turn was only 
misclassified as Grand Canyon.  
PGLS reduced shape and environmental variables to principal components 
(PCs) employed in the permutational MANOVA. The first five environmental PCs 
explained 99.13% of the variance and were used as a proxy for ecology. Shape 
variables (the first seven PCs), explained 73.25% of shape variance. When no 
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adjustment for phylogeny was provided, 77% of among-subspecies variation was 
explained by environmental variables (P = 0.004). However, when phylogeny was 
accounted for, shape explained by ecology dropped to 36% (P = 0.05).  
A phenogram for the Western Rattlesnake complex’s ecological data was 
developed via analysis of Mahalanobis distances (Figure 17). Given previous molecular 
phylogenetic hypotheses (Chapter 2., Figure 6), the tree was rooted at viridis. In the 
western lineage, concolor + abyssus emerged as the basal member of the group. 
Interestingly, eastern lineage member nuntius emerged within the western lineage, 
sister to lutosus. Additionally, oreganus and helleri grouped together, representing a 
Pacific coastal form. Finally, oreganus was recovered as sister to lutosus and abyssus + 
cerberus. 
 
4.4 Discussion 
Ecology, in large part, is an effective driver of evolution, and environmental 
variability is indeed integral to understanding pattern and process (Westoby, 2006; 
Kozak et al., 2008). Variation among environments can mechanistically drive ecological 
speciation (Schluter, 1996; Rundle and Nosil, 2005; Schluter, 2009), and thus 
characters under selection (trophic morphology in this case) can shed important insights 
into contemporary species-delineation, particularly among recently evolved taxa (Wiens 
and Graham, 2005; Raxworthy et al., 2007; McCormack et al., 2010). Do these taxa 
reveal evidence for niche conservatism or niche divergence? (Wiens and Graham, 
2005; Futuyma, 2010). As explanation, niche conservatism retains plesiomorphic 
(ancestral) characteristics and represents ecological differences following allopatric 
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speciation (Rundle and Price, 2009), whereas niche divergence separates taxa along 
ecological gradients, and suggests diversification accelerated by adaptation (Schluter, 
1996, 2001, 2009).  
 
Ecology and the Western Rattlesnake 
The Western Rattlesnake complex is the dominant rattlesnake clade in North 
America in terms of distributional area (Chapter 1, Figure 2). Its subspecies depict 
significant variation in head shape (as a proxy for trophic morphology; Chapter 3) with 
additional strong evidence for ecological divergence as well (as above). The low vagility 
of reptiles makes them particularly susceptible to local environmental variation, and thus 
model systems for investigating ecological effects of diversification (Pyron and Burbrink, 
2009; Chiucchi and Gibbs, 2010; Row et al., 2010; Wooten and Gibbs, 2011). 
Given the broad distributional area encompassed by the complex as a whole, it is 
perhaps unsurprising that ecological divergence is evident. Klauber explored this 
premise, although in a qualitative manner (1956). Inhabiting the grasslands east of the 
Rocky Mountains, C. v. viridis is associated with the western short-to-mixed-grass 
prairies of North America between 2000 and 3000m in elevation (Ernst and Ernst, 
2003). Though exhibiting some variance in microhabitat preferences (e.g. sandstone 
outcroppings), C. v. viridis is recognized as the iconic snake of the western prairie. 
Conversely, its eastern lineage sister taxa (C. v. nuntius) inhabits elevated and arid 
mesa habitat in northeastern Arizona. Further, it inhabits a narrower elevational range 
(1400-2200m) than does C. v. viridis (Klauber, 1956). 
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Members of the western lineage similarly exhibit differential habitat preferences. 
Restricted to the Grand Canyon, C. v. abyssus was initially classified as a rock-dweller 
within the Colorado River Basin, with an elevational gradient of around 600 to 2300m 
(Klauber, 1956; Brennan and Holycross, 2005). Subsequent research, however, has 
further clarified tits habitat proclivities, indicating preferential selection of rocky riparian 
areas or upland Mesquite habitats and avoidance of both floodplains and talus slopes 
(Reed and Douglas, 2002). Inhabiting a similarly restricted distribution, C. v. caliginis 
inhabits a single islet covered with rocky brush and cactus (Klauber, 1956). Given the 
extreme restriction in range, ecological data were unavailable and further inferences 
cannot be drawn. 
Inhabiting the Mogollon Rim of central Arizona, C. v. cerberus represents a more 
woodland form, inhabiting sparse, high elevation (1800 – 2800m) forests and brush-
covered slopes (Klauber, 1956, Brennan and Holycross, 2005). Inhabiting the western 
slope of the Rocky Mountains, C. v. concolor shows preference for warm, rocky, arid 
habitats (Klauber, 1956; Parker and Anderson, 2007). Little contemporary data exist 
regarding habitat proclivities of C. v. helleri, yet Klauber (1956) anecdotally noted a wide 
variety of habitats utilized by the form. It is common from the inland mountains to the 
coast in southern California, with decreasing abundance towards the eastern slope as 
aridity increases, thus entirely avoiding the desert (Klauber, 1956). Conversely, C. v. 
lutosus is found in the arid plains and desert areas of the Great Basin (Klauber, 1956). It 
is somewhat of a generalist, inhabiting both disturbed, irrigated agricultural areas as 
well as more typical sagebrush-steppe habitat (Diller and Wallace, 1996; Jenkins, 
2007). Finally, C. v. oreganus exhibits broad ecological tolerances, existing across an 
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extensive elevational gradient (0 – 3400m), and occurring in both arid and humid 
habitats (Klauber, 1956). These include grasslands, chaparral, meadows, forests, and 
desert foothills (MacArtney, 1985). Thus members of both the eastern and western 
lineage indeed exhibit habitat specificity that is manifested in the ecological divergences 
among macroecological variables depicted herein. 
 
Ecological Exchangeability and its Utility in Species Delimitation 
Ecological exchangeability is defined as the ability individuals of different 
populations to be moved between different local populations and still occupy the same 
ecological niche (Rader et al., 2005). Subspecies often exhibit ecological non-
exchangeability, and thus subspecies occupy differential ecological niches, which is 
indicative of taxonomic independence (Raxworthy et al., 2007; Rissler and Apodaca, 
2007; Holycross and Douglas, 2007; Leache et al., 2009; Sanchez-Fernandez et al., 
2011). Their ecological variability also significantly influences morphology, irrespective 
of phylogeny as demonstrated in PGLS analyses, thus providing an additional line of 
evidence for divergence (Storz, 2002; Vonlanthen et al., 2009; Wooten and Gibbs, 
2011). Ultimately, this suggests independent evolution among subspecies, as well as 
their acknowledgment as incipient species.  
Temperature, diurnal variance in temperature, and precipitation are factors that 
are correlated with ecological divergence in this complex. Latitudinal and longitudinal 
variation, on the other hand, does not appear to be correlated with ecological 
divergence. The question therefore becomes, how are phenotypic characteristics such 
as head shape influenced by ecological parameters? 
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BioClim environmental variables represent broad scale macroecology and thus 
may be less influential on phenotypic shape. However, broad climatic patterns impinge 
upon net primary productivity, which in turn influences herbivore densities/ community 
composition, ultimately configuring the prey base (MacArtney, 1989; Diller and Wallace, 
1996; Reed and Douglas, 2002; Mackessy et al., 2003). Prey base influences squamate 
trophic morphology (Vincent et al., 2004a,2004b, 2009; Vincent and Herrel, 2007; 
Hampton, 2011), and variance in trophic morphology (as explained by macroecology) 
offers a reasonable (and testable) hypothesis for the observed differences. 
In summary, this study provides evidence that Western Rattlesnake subspecies 
1) occupy different ecological niches, 2) display trophic morphologies that are 
interpreted as adaptive responses to differential ecologies, and 3) reflect ecological 
divergence. These data offer a premise of ecological speciation among subspecies that 
can be linked to, and tested with, other types of data so as to give a more derived 
perspective on Western Rattlesnake phylogeny. Clearly, our perspectives should evolve 
as do our data-acquisition techniques, and the Western Rattlesnake complex may offer 
a platform within which this can occur.  
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Table 7. Factor analysis loadings on 18 BioClim environmental variables for 1,435 
individuals of the Western Rattlesnake (Crotalus viridis) complex. Uniqueness = 
proportion of variance of the variable that is not accounted for by all of the factors taken 
together, and a very high uniqueness can indicate that a variable may not belong with 
any of the factors. Loadings on Factor 1 = variables related to temperature, Factor 2 = 
variables related to precipitation, while Factor 3 = variance in diurnal temperatures. A 
strong loading of mean temperature of the wettest quarter defined Factor 4. Colored 
factors represent those defined as central (i.e. loading > 0.4). The level of color 
represents the level of loading (> 0.9 = High, > 0.8 = Moderately High, > 0.7 = 
Moderate, and between 0.69 and 0.4 = Moderately Low). 
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Table 7 (cont.). 
 
  
Loadings Factor 1 Factor 2 Factor 3 Factor 4 Uniquene
Latitude 0.318 0.158 0.181 -0.582 0.502
Longitude -0.675 -0.343 0.197 0.569 0.065
Mean Temp Driest 0.794 0.111 0.283  0.027
Mean Temp Wettest 0.130 0.207 0.811 0.027
Min Temp Coldest 0.915 0.182 -0.187 0.270 0.023
Max Temp Warmest 0.269 -0.127 0.923 0.111 0.048
Temperature -0.575 -0.250 0.770 -0.102 0.005
Isothermality 0.499 0.356 0.235 0.560
Mean Diurnal Range -0.240 0.723  0.406
Precip Coldest Quarter 0.153 0.958 -0.137 -0.189 0.005
Precip Warmest Quarter -0.840 0.370 0.154
Precip Driest Quarter -0.845 -0.174 0.253
Precip Wettest Quarter 0.983 -0.121 -0.105 0.005
Precip Seasonality 0.710 0.480 0.219 0.215
Precip Wettest Month 0.981 -0.132  0.005
Mean Temp Coldest 0.913 0.138 0.374 0.005
Annual Mean Temp 0.825 0.358 0.432 0.005
Mean Temp Warmest 0.471 -0.140 0.789 0.366 0.005
SS Loadings 6.445 3.530 3.017 2.209 
Proportion Variance 0.358 0.196 0.168 0.123 
Cumulative Variance 0.358 0.554 0.722 0.845 
General Pattern Temp Precipitati Diurnal    
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Table 8. Discriminant Function Analysis (DFA) using jackknife validation that assigned 
individuals to subspecies in the Western Rattlesnake (Crotalus viridis) complex. 
Approximately 95% of all individuals were allocated correctly, with only two subspecies 
(C. o. cerberus and C. v. nuntius) < 65% classified. Both were most often misclassified 
as geographically proximate subspecies (i.e., C. v. nuntius and C. o. abyssus, 
respectively). Yellow cells indicate subspecific assignment to self. Abbreviations: COA = 
C. o. abyssus; COE = C. o. cerberus; COK = C. o. concolor; COH = C. o. helleri; CVN = 
C. v. nuntius; COO = C. o. oreganus; CVV = C. v. viridis. 
 
 
Subspecies COA COE COK COH COL CVN COO CVV Total
COA 5 0 0 0 0 1 0 0 6
COE 0 8 0 0 0 5 0 0 13
COK 2 0 12 0 0 0 0 1 15
COH 5 0 0 198 0 0 20 0 223
COL 2 0 0 1 178 0 8 1 190
CVN 3 0 0 0 0 6 0 2 11
COO 0 0 0 10 10 0 887 0 907
CVV 0 2 1 0 1 1 0 39 44
Proportion (%) 83.3 61.5 80.0 88.8 93.7 54.5 97.8 88.6 94.6
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Figure 15. Metric Multidimensional Scaling of 25 BioClim environmental variables for 
1,435 individuals of the Western Rattlesnake (Crotalus viridis) complex. Group means 
for subspecies are represented as points in the first two principal component axes. 
Along axis 1, C. v. helleri and C. v. oreganus are ecologically similar, yet are widely 
dispersed along axis 2. Closely related C. v. viridis and C. v. nuntius exhibited similar 
relationships. 
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Figure 16. Factor Analysis variables map depicting loadings of 18 BioClim 
environmental variables for 1,435 individuals of the Western Rattlesnake (Crotalus 
viridis) complex. Precipitation variables (Red vector) tend to load negatively on the y-
axis, while temperature variables (Green vector) load positively on the y-axis. 
Temperature seasonality (Blue vector) variables load negatively on the x-axis, while 
mean temperature variables tend to load positively on the x-axis. Ultimately three 
general trends emerge for temperature, precipitation, and seasonality along the first two 
Principal Component Axes. 
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Figure 16 (cont.).  
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Figure 17. Mahalanobis distance based pheongram depicting ecological similarity 
among Western Rattlesnake (Crotalus viridis) subspecies. Three general groups 
emerged. As the eastern-most subspecies, C.v. viridis emerged as distinct from the 
remainder of the complex and was designated as the tree root. Two Arizona forms, C. 
oreganus abyssus and C. o concolor, emerged as a second distinct group. Eastern 
lineage member C.v. nuntius was recovered as the basal sister to the remaining 
subspecies in the third group. (e.g. C. o. lutosus, C. o. cerberus, and Pacific coastal 
forms C. o. helleri + C. o. oreganus).  
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Figure 17. (cont.).
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CHAPTER V: A COMPREHENSIVE PERSPECTIVE ON WESTERN RATTLESNAKE 
RELATIONSHIPS USING A SUPERTREE APPROACH 
 
5.1 Introduction 
Morphology has traditionally been used to classify organisms and to generate 
character trees, yet has been somewhat superseded by the recent ascendancy of 
molecular approaches (Avise, 2004). This is not unexpected, in that morphological 
characters have always been deemed homoplasious (and thus labile) in phylogenetic 
analyses, while DNA much less so and thus closer to the truth (Gould, 1986). A more 
recent consideration has been to include ecological variables into phylogenetic studies 
(Wiens and Graham, 2005; Matthews et al., 2011; McInnes et al., 2011), although this 
too has predetermined limitations (Kozak et al., 2008). Clearly, each data type has 
idiosyncratic limitations that must be considered, yet they repeatedly demonstrate 
phylogenetically important information as judged across numerous studies. Thus, a 
preference for one over the other does not involve inherent limitations of the data type, 
but rather the idiosyncratic proclivities of individual researchers.  
Given the above character types produce reasonable phylogenetic hypotheses, 
each has been applied to derive hypotheses for various taxa (Larson and Dimmick, 
1993; Irestedt et al., 2004). However, when these trees are compared and contrasted, 
topological conflicts can and do arise (Batalha-Filho, 2010; Havermans et al., 2010; 
Perez, 2011). Each data type clearly offers a different viewpoint on the evolutionary 
history of a particular group, and their juxtaposition has proven difficult. Various means 
have been proposed to circumvent this dilemma, and one [the total evidence (TE) 
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approach (Kluge, 1989)] seemingly offers a theoretical stance with broad appeal. Kluge 
(1989, 1991) defined TE as application of “… character congruence to find the best 
fitting phylogenetic hypothesis from an unpartitioned set of synapomorphies, which, 
ideally, is all of the relevant available data.” This stands in contrast to ‘taxonomic 
congruence,’ which seeks a consensus from the numerous trees that result from an 
analysis of individual datasets. Kluge argued that TE (hereafter referred to as K-TE) 
possessed as its philosophical basis the inductive logic and hypothetico-deductive 
theory of Carnap (1964). However, counter-arguments (Naylor and Adams, 2001; 
Naylor and Adams, 2003; Rieppel et al., 2003; Lecointre and Deleporte, 2005; Fitzhugh, 
2006;) suggest that K-TE confuses pragmatism with practice and philosophy with 
procedure. Despite this, K-TE has proven useful (although not without controversy) if for 
no other reason than as a stalking horse to elucidate phylogenetic history across 
multiple datasets. 
The K-TE approach is essentially a “supermatrix” one in which all available data 
form a single character state matrix. It differs from Carnap’s (1964) approach in that 
additional information (for example, homoplastic characters) cannot be employed for 
inference. However, no phylogenetic matrix resides in a vacuum, and background (or 
extra-data) knowledge can be an essential component of a true total evidence analysis 
(sensu Carnap; Lecointre and Deleporte, 2005). Thus, the argument centers on the 
issue of all available data vs. all available knowledge (Lecointre and Deleporte, 2005), 
with the former as “total evidence” and the latter as “relevant evidence” (Naylor and 
Adams, 2003). 
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Ultimately, the integration of molecular sequence data, genomic rearrangements, 
morphological characters, behavior, and other traits to construct large trees is viewed as 
an important phylogenetic area of inquiry. As such, two general approaches have been 
proposed. The supermatrix approach (as above) and the “supertree” approach. A 
philosophical caveat is that in constructing trees from disparate datasets with partially 
overlapping sets of taxa (often including extinct taxa, for which no molecular data are 
available) often yields extensive sections of missing data. A major criticism of the 
supermatrix approach is that it is especially prone to missing data stemming from non-
overlapping taxa (De Quieroz and Gatesy, 2006). The supertree approach (though not 
without its own idiosyncratic limitations) has been proposed as a possible solution to the 
above argument, and has an increased utility in phylogenetic studies (Cotton and 
Wilkinson, 2009).  
Supertree approaches attempt to summarize trees, but, unlike consensus trees, 
allow for different, overlapping groups of taxa. Supertree methodology summarizes 
relationships of operational taxonomic units (OTUs) from disparate phylogenetic 
hypotheses, scores them, derives a data matrix, and then develops a phylogenetic 
hypothesis using Maximum Parsimony (MP). One can immediately see the utility of 
these approaches when considering large, disparate datasets that include both extinct 
and extant taxa, or when coalescing datasets that vary in their taxonomic sampling. As 
such, supertree approaches may have increased utility in resolving convoluted 
phylogenies in situations wherein taxonomic sampling varies amongst datasets. 
An excellent biodiversity context within which to pursue a relevant evidence 
approach is the Western Rattlesnake complex (see Chapter 1). A number of 
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phylogenetic hypotheses have already been proposed, ranging from morphological 
(Klauber, 1956; Chapter 3) to molecular (Quinn, 1987; Pook et al., 2000; Ashton and de 
Queiroz, 2001; Douglas et al., 2002; Chapter 2). Unfortunately, thorny issues emerge. 
For example, relationships among subspecies vary from one data set to another, 
suggesting considerable incongruence. Each depicts a particular arrangement of OTUs 
(Sneath and Sokal, 1973), and each has a level of veracity for the type of data 
employed. Yet the potential overlap among all data, representing a measure of their 
potential congruence, has yet to be examined. Given the equivocation within the 
complex (Chapter 1), and the variety of data available (Chapters 2, 3, 4), an approach 
that can coalesce these into a unified phylogenetic hypothesis would not only 
warranted, but also past due. 
To approach the relationships within the Western Rattlesnake complex from a TE 
perspective, we employed supertree methodology. Specifically, Matrix Representation 
with Parsimony (MRP; Bininda-Emonds and Bryant, 1998; Bininda-Emonds and 
Sanderson, 2001), an approach that incorporates morphological [including Geometric 
Morphometric (GM) shape], molecular (specifically mtDNA), and ecological niche 
modeling data (ENM) to propose a single composite phylogenetic hypothesis for the 
Western Rattlesnake complex. 
 
5.2 Materials and Methods 
We first used Mantel tests (Manly, 1997) to evaluate the relative association 
among molecular, shape, and ecological datasets by deriving a distance matrix for each 
data type. Patristic distances were derived from a Bayesian Inference phylogenetic 
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analysis of concatenated mtDNA sequences for all 9 subspecies in the Western 
Rattlesnake complex (Chapter 2), whereas morphological shape and ecological 
distances matrices were derived per Chapters 3 and 4, respectively. Mantel tests (as 
implemented in R; R Development Core Team, 2010) contrasted the three matrices one 
with another, with the resulting r-statistic recalculated from the permuted data for a total 
of 9,999 iterations. 
Three input trees were derived as source topologies for supertree construction. 
First, a single Bayesian Inference tree based on mtDNA sequence data (derived from 6 
mtDNA regions) was constructed (Chapter 2, Figure 1). Second, a Mahalanobis 
distance based phenogram of GM shape similarity was derived (Chapter 3, Figure 7). 
Finally, a Mahalanobis distanced based ecological phenogram was constructed 
(Chapter 4., Figure 3). 
Source topologies (as above) were combined and converted into a NEXUS file 
(Maddison et al., 1997) using the “component coding” option of Matrix Representation 
with Parsimony (MRP) Supertree Consensus (RADCON: Thorley and Page, 2000). This 
yielded an MRP dataset where each node from a source tree provides one character to 
the matrix (Sanderson et al., 1998). Thus, taxa in the group derived from any given 
node are coded as ‘1,’ whereas taxa not in that group are coded as ‘0,’ while taxa 
present in other source trees, but not in the immediate tree are coded as ’?’ (=missing, 
Kennedy and Page, 2002). The coding for each source tree was combined into a single 
matrix using RADCON, imported into Paup* (Swofford, 2003) where characters were 
equally weighted and the starting tree for branch swapping obtained in a heuristic 
search by stepwise addition using a random addition sequence. Outgroup is a 
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hypothetical taxon (“MRP out group”) constructed by RADCON and is represented as 
having no nodes shared with other taxa (Kennedy and Page, 2002). Support was 
obtained from 100,000 bootstrap iterations. Bootstrap values greater than 50% were 
considered strong support. 
 
5.3 Results 
Mantel tests assessed correlation between mtDNA vs. ENM, mtDNA vs. GM, and 
ENM vs. GM. In all instances, no significant correlation was found between matrices 
(Table 9). In addition, partial mantel tests comparing two of the above matrices while 
keeping the third constant also revealed no significant correlations among matrices 
(Table 10).  
The supertree composite of mtDNA, GM, and ENM input trees was rooted by the 
synthetic MRP outgroup (Figure 18). The Mojave Green Rattlesnake (C. scutulatus) 
was recovered as sister to the Western Rattlesnake complex with 100% bootstrap 
support. Within the Western Rattlesnake complex, two distinct lineages again emerged 
with strong bootstrap support (75.50%). The eastern lineage is composed of a strongly 
supported viridis + nuntius (94.67% bootstrap support). The western lineage was 
recovered as a polytomy composed of oreganus, abyssus, cerberus, lutosus, and a 
clade of concolor and helleri + caliginis. This polytomy received high bootstrap support 
(96.41%). In addition, the relationship between helleri + caliginis received strong 
bootstrap support (90.72%). The relationship between concolor and helleri + caliginis 
was more tenuous, with only 65.57% bootstrap support. 
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In summary, supertree methodology supported a deep divergence between 
eastern and western lineages. Yet relationships within those lineages remain obscure. 
Further, morphological, ecological, and molecular datasets were uncorrelated and 
represent independent lines of evidence, thus likely to yield different topologies that add 
to ambiguity. Ultimately, the supertree herein provided coarse resolution but was unable 
to fully resolve the phylogeny of the Western Rattlesnake complex. 
 
5.4 Discussion 
The necessity of incorporating multiple lines of evidence in delineating species is 
well established (Jackson et al., 2002; Purugganan and Gibson, 2003). While 
successful merging of various molecular data (e.g. mtDNA and nuclear sequence data) 
has become commonplace, studies linking molecules, morphology, and ecology have 
slowly increased as well (Rubinoff and Sperling, 2004; Sanders et al., 2006; Sautoni et 
al., 2006). As a consequence, assessment of species boundaries that incorporate the 
above are able to straddle both ecological and evolutionary time frames, merged at the 
crossroads of morphology. Ultimately, such efforts provide substantial value, not only in 
understanding taxonomy, but also informing conservation and adaptive management. 
Supertree methodology allows for the integration of molecular, morphological, 
and ecological datasets. In this study, supertree methodology yielded a phylogenetic 
hypothesis in which certain relationships received modest support, while others 
(particularly among subspecies within the western lineages) remain unresolved. This 
result can be explained by limitations of supertree methodology, limitations of the data 
themselves, and/or the interaction of the two. 
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Limitations in supertree methodology have been well documented (Goloboff and 
Pol, 2002; Day et al., 2008; Ren et al., 2009) and can ultimately affect the output 
topology. One problem that is likely manifest in this study is that of “Signal 
Enhancement,” which refers to the phenomenon of the supertree conflicting with one or 
more source tree topologies (Bininda-Emonds, 2004; Bininda-Emonds et al., 2004; 
Moore et al., 2006). Secondly, supertrees both struggle to assess uncertainty and 
confidence in the supertree itself (Burleigh et al., 2006; Moore et al., 2006), and fail to 
incorporate uncertainty in the input topologies themselves (Ren et al., 2009). Finally, 
supertree methodology has been shown to over fit the data and yield spurious 
conclusions (Ren et al., 2009; Douglas et al., 2010).  
In this study, signal enhancement appears to be a considerable problem. As 
incongruence exists among source topologies, it is unsurprising this incongruence 
among source trees is manifest in the supertree hypothesis. One solution for dealing 
with incongruence proposed is to eliminate conflicting datasets from the analysis 
(Lecointre and Deleporte, 2005). We argue that this approach 1) discounts verifiable 
phylogenetic signal carried in disparate datasets, 2) is neither a total evidence 
approach, nor a relevant evidence approach to phylogenetic reconstruction, and 3) 
constitutes the manipulation of data to create the appearance of unequivocal support 
where none exists. The inability of supertrees to yield a completely resolved and 
unequivocal phylogeny may not solely be an artifact of the mechanical underpinnings of 
the analysis, but rather endemic to the data and, by extension, the evolution of the in-
group taxa themselves. 
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A review of practical applications of supertree methodology reveals some 
interesting trends, germane to the results presented herein. MRP supertrees have 
shown high efficacy in yielding well-resolved phylogenies across a number of taxa. A 
genus level supertree analysis of 43 independent source trees and 401 genera of 
Adephaga yielded a supertree that was well-resolved at the family level, while resolution 
deteriorated to a degree at the species level (Beutel et al., 2008). Similarly, MRP 
yielded a well-supported order-level supertree phylogeny of placental mammals (Beck 
et al., 2006). Both of these studies fused both molecular and morphological data to 
construct a robust higher-order supertree. A molecular supertree assessing the 
relationships of the family Helodermatidae supported both distinct Beaded Lizard 
(Heloderma horridum) and Gila Monster (Heloderma suspectum) and subspecific 
designations therein (Douglas et al., 2010). Finally, a genus level supertree of the 
Dinosauria yielded a well-supported phylogenetic hypothesis across a large swath of 
extinct taxa based upon relevant source trees culled from the literature (Pisani et al., 
2002). These studies clearly illustrate that supertree methodology is able to yield robust, 
well-resolved phylogenetic hypotheses. 
Closer scrutiny, however, reveals interesting trends that may shed light on the 
failure of supertree methodology to fully resolve the intraspecific relationships of the 
Western Rattlesnake complex. In Adephaga, placental mammals, and Dinosauria, 
relationships evaluated and receiving strong support were of higher-order (e.g. family or 
above). In the Helodermatidae, relationships were at the family, species, and 
subspecies level, though supertree methodology did not reveal subspecies within 
Heloderma suspectum (Douglas et al., 2010). The authors point out that 
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Helodermatidae is an ancient, conserved group with diversification occurring deep in 
evolutionary time. So, too, are the divergences in Adephaga and within placental 
Mammals. These examples suggest that supertree methodology performs optimally 
when dealing with deep divergences and suboptimally in instances (e.g. the Western 
Rattlesnake complex) where divergence is fairly recent. 
This trend holds true in this study, as the deep divergence in the Western 
Rattlesnake complex described in previous analyses of single mtDNA regions (Pook et 
al., 2000; Ashton and De Queiroz, 2001; Douglas et al., 2002). These results strongly 
support a monophyletic eastern (C. viridis) and western (C. oreganus) clade, supported 
via molecular, morphological, and ecological data. Additional support emerged for the 
relationship between eastern lineage constituents viridis and nuntius. Relationships in 
the western lineage were well-supported in terms of bootstrap support, but poorly 
resolved, as evinced by the large polytomy comprising the lineage. 
Douglas et al. (2002) indicate a recent (Pleistocene) divergence of subspecies in 
the western lineage. Given the relatively recent divergence, molecular phylogenies, 
particularly those using mtDNA, could yield equivocal results such as those presented 
here. The shortcomings of using solely mtDNA are well documented (reviewed in 
Douglas et al., 2002, 2006). Of particular concern in taxa like the Western Rattlesnake 
is that of incomplete lineage sorting, in which insufficient time has passed for drift and 
other processes allow gene trees to accurately depict the true species tree (Maddison, 
1997; Nichols, 2001; Maddison and Knowles, 2006; Mossel and Roch, 2011). Recently 
diverged taxa (e.g. subspecies within the Western Rattlesnake complex) are particularly 
prone to the vicissitudes of incomplete lineage sorting. This is depicted in this study by 
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both the incongruence between source trees and the reinforcement of support for the 
two deeply divergent eastern and western lineages. 
While the results of supertree methodology are indeed hindered by 
idiosyncrasies of both the analysis and the data themselves, the organismal history may 
indeed play a role in contributing to discordance among the datasets. A comparison of 
mtDNA, traditional morphology, and ecology in the Asian Green Pitviper (Popeia 
popeiorum) complex revealed discordance among the individual datasets based on 
traditional species delimitation criteria (Sanders et al., 2006). Such discordance has 
been documented in numerous taxonomic groups including Spiny Lizards (Sceloperous; 
Wiens and Penkrot, 2002), Buckmoths (Hemileuca; Rubinoff and Sperling, 2004), and 
Neotropical Bamboo (Otatea, Ruiz-Sanchez and Sosa, 2010), among others. These 
results underscore the conflict between evolutionary groups and the criteria that define 
them (Hey, 2000). Ultimately, accuracy of species delimitation depends on assessment 
of multiple independent sources of data (Sanders et al., 2006). While complete 
resolution for the Western Rattlesnake complex was not achieved in this analysis, the 
incorporation of multiple lines of evidence in a unified perspective serves to advance the 
understanding of the complex and provide additional evidence in defining species 
boundaries going forward. 
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Table 9. Results of three Mantel tests comparing patristic distances derived from 
mitochondrial DNA (mtDNA), geometric morphometric shape Mahalanobis distance, 
and BioClim ecological Mahalanobis distance matrices for eight subspecies of the 
Western Rattlesnake (Crotalus viridis) complex. The Coronado Island Rattlesnake (C. 
oreganus caliginis) was excluded from analyses due to missing ecological data. Results 
show no significant correlations among any matrix comparisons, suggesting no 
relationship between molecular, geometric morphometric shape, and ecological data. G 
x E = Genetic by Ecological pairwise comparison; M x E = Morphometric by Ecological 
pairwise comparison; M x G = Morphometric x Genetic pairwise comparison. 
 
 Pairwise Comparison r statistic Significance 90% CL 95% CL 97.5% CL 99% CL 
G x E -0.129 0.743 0.215 0.303 0.736 0.797
M x E -0.053 0.548 0.287 0.381 0.496 0.606
M x G 0.394 0.071 0.320 0.449 0.502 0.541
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Table 10. Results of three partial Mantel tests comparing patristic distances derived 
from mitochondrial DNA (mtDNA), geometric morphometric shape Mahalanobis 
distance, and BioClim ecological Mahalanobis distance matrices for eight subspecies of 
the Western Rattlesnake (Crotalus viridis) complex. The first column refers to the matrix 
of interest. The Coronado Island Rattlesnake (C. oreganus caliginis) was excluded from 
analyses due to missing ecological data. Results show no significant correlations 
among any matrix comparisons, suggesting no relationship between molecular, 
geometric morphometric shape, and ecological data. G x E = Genetic by Ecological 
pairwise comparison; M x E = Morphometric by Ecological pairwise comparison; M x G 
= Morphometric x Genetic pairwise comparison. 
 
 Pairwise Comparison r statistic Significance 90% CL 95% CL 97.5% CL 99% CL
G x E -0.1294 0.7432 0.215 0.303 0.736 0.797
M x E -0.05266 0.5475 0.287 0.381 0.496 0.606
M x G 0.3944 0.0709 0.32 0.449 0.502 0.541
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Figure 18. Western Rattlesnake (Crotalus viridis) complex supertree phylogenetic 
hypothesis reveals the outgroup (C. scutulatus) as sister to the complex with strong 
bootstrap support (100%). Within the Western Rattlesnake complex, two divergent 
lineages were recovered with strong support (75.50%). The eastern lineage, composed 
of a well-supported C.v. viridis + C.v. nuntius (94.67% bootstrap support) is recovered 
as sister to the entire western lineage. The western lineage is recovered as a large, 
though well-supported polytomy (96.41% bootstrap support) composed of C. oreganus 
oreganus, C. o. abyssus, C. o. cerberus, C. o. lutosus, and a clade comprised of C. o. 
concolor sister (65.58% bootstrap support) to C. o. helleri + C. o. caliginis (90.72% 
bootstrap support.)  
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Figure 18 (cont.).
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Chapter VI: EVOLUTIONARY SIGNIFICANT DIVERGENCES IN THE WESTERN 
RATTLESNAKE COMPLEX 
 
6.1 Introduction 
The global ecosystem remains firmly entrenched in the sixth mass extinction 
(Wake and Vredenburg, 2008) and the only one precipitated largely via anthropogenic 
activities (Avise et al., 2008). This crisis has undoubtedly produced new and 
unanticipated challenges, while simultaneously draining resources away from the 
rehabilitation of threatened and endangered (T&E) species. Further, a degree of 
taxonomic uncertainty remains inherent within this extinction event, due largely to 
fundamental disagreements over the question of “what is a species?”  
An answer, not surprisingly, remains elusive, largely due to the number of 
species concepts in play (reviewed in Coyne and Orr, 2004). These are often 
incongruent and conflicting, as they operate at different temporal and spatial scales (De 
Queiroz, 2007; Tobias et al., 2010). Criteria of traditional species concepts are 
interpreted instead as contingent properties, not defining characteristics, and thus a 
dichotomy exists between evolutionary groups and the manner in which they’re defined 
(Hey, 2000; Sanders et al., 2006). This suggests a more unified approach is needed, 
one that can synthesize multiple lines of evidence to determine if speciation has been 
achieved (Puorto et al., 2001; Wiens and Penkrot, 2002). Indeed, molecular genetic 
studies are essential to study speciation, but their value is in large part dependent on 
augmentation with ecological and biological information (Butlin et al., 2011). 
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The Western Rattlesnake complex presents an excellent biodiversity platform 
with which to implement a unified approach to species delimitation. Two hundred years 
of inquiry has yet to resolve its intraspecific relationships, and alpha taxonomy has 
stagnated. Here we assess various lines of evidence for multilinearity within the 
complex and test it for patterns of ecological and evolutionary exchangeability. We wish 
to determine which (if any) of the nine subspecies in the complex represent separate 
and independently evolving lineages and, thus, valid species. 
 
6.2 Materials and Methods 
The complex under study 
A wealth of individual specimens have accumulated in the natural history 
collections of North America during the two centuries since the type specimen of the 
Prairie Rattlesnake was collected from the prairies of North Dakota (Holycross et al., 
2008). These sustained countless studies, none of which resolved the subspecies. 
Klauber (1956) applied morphological data, while Aird (1984) and Quinn (1987) 
evaluated venom profiles and allozymes, respectively, but again without resolution. 
Modern molecular perspectives (Pook et al., 2000; Ashton and De Queiroz, 2001; 
Douglas et al., 2002) have also been employed. Some of these have proposed 
elevating some Western Rattlesnake constituents to full species status, yet the 
International Commission on Zoological Nomenclature (ICZN) has not yet formally 
adopted proposed nomenclatural changes. The consequence of this from a 
conservation perspective is that we cannot conserve what is not formally recognized as 
distinct. 
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This study coalesced the vast amount of data available regarding the 
constituents of the Western Rattlesnake complex, and incorporated newer data and 
methodologies [e.g. Geometric Morphometric (GM) and GIS based ecological data] to 
clarify both the phylogenetic systematics and the alpha taxonomy of the group. While 
assessment of single independent datasets does not fully resolve the phylogenetic 
relationships, an important picture can emerge when all data are considered as a whole. 
A unified approach was also applied to test for ecological and evolutionary 
exchangeability, as a means to assess which (if any) of the nine subspecies exhibited 
separate and independent evolutionary trajectories. 
 
An attempt to designate species 
The crosshair classification test was developed primarily as a means of 
delineating Evolutionarily Significant Units (ESUs; Crandall et al., 2000), yet the 
framework also provides a means for diagnosing species by assessing genetic and 
ecological exchangeability at recent and historic temporal scales (see example in 
Holycross and Douglas, 2007). This test traditionally establishes four categories: recent 
and historic genetic exchangeability and recent and historic ecological exchangeability. 
Here we modify the test to include recent and historic morphology. We recognize trophic 
differences in morphological shape exist at the nexus of evolution and ecology and thus 
may signal adaptive divergence that cannot be detected when phylogeny and/ or 
ecology are assessed individually. 
A plus (+) for a particular comparison indicates the OTUs (operational taxonomic 
units) being compared are non-exchangeable, while a minus (-) indicates their 
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exchangeability (i.e. the OTU is comparable to others with regards to that 
characterization, and therefore does not represent a separate evolutionary clade). 
Decisions are then made regarding the status of the OTU in question, based on the 
summation of scores. These range from considering the OTUs as long-separated 
species (i.e. exhibiting recent morphological and historic genetic, ecological and 
morphological non-exchangeabilities), to their consideration as the same population/ 
species (i.e. exhibiting recent and historic exchangeabilities across the above 
comparisons). These judge whether subspecies have indeed embarked upon unique 
and independent evolutionary trajectories; the hallmark of unified species (De Queiroz, 
2007; Tobias et al., 2010). 
 
Description of the methodology 
The juxtaposition of both evolutionary and ecological data is argued as the most 
successful means of assessing exchangeability (Rader et al., 2005). To explicitly test for 
genetic exchangeability, a concatenated mtDNA phylogeny was constructed and 
assessed for highly-supported, reciprocally monophyletic relationships among 
constituents and employed as the determinant of historic genetic exchangeability. 
Unfortunately, molecular data (e.g. microsatellite loci, or quantitative trait loci) were 
unavailable for thus study, limiting the ability to test for recent genetic exchangeability. 
As noted earlier (Chapter 2), mtDNA data per se is not substantial enough for species-
recognition. It must instead be coupled with other independent datasets so as to yield 
additional synapomorphies for consideration. 
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To explicitly test for ecological exchangeability, environmental data were 
assessed among subspecies. Multivariate analyses of environmental variables were 
used to quantify niche divergences (Chapter 4) and were employed to represent 
historical ecological separation. We were unable to assess recent ecological 
exchangeability, given an absence of data stemming from contemporary and 
manipulative transplant experiments. 
Finally, morphological exchangeability was assessed using a variety of 
characteristics. First, traditional morphological data (i.e., those documenting differences 
between subspecies, as compiled by Klauber, 1956) were compiled and evaluated. 
These largely represent meristic characters, such as scale counts, as well as stationary 
characteristics unlikely to be under intense selective pressures. The occurrence of 
synapomorphies in traditional morphological data (documented by Klauber, 1956) 
represented evidence for historic non-exchangeability. Conversely, recent 
morphological exchangeability was assessed by evaluating in GM shape differences 
(specifically ontogenetic shape change trajectories), and secondarily, by scoring 
reciprocal monophyly within a shape-based tree (Chapter 3, Figure 7). 
 
A compilation of crosshair scores 
Once exchangeabilities were scored, the number of non-exchangeable 
classifications then informed decisions on the taxonomic ranking of each subspecies in 
question. If three (of four) categories were scored non-exchangeable (+), the 
subspecies represented a valid species. If less than three categories were scored as 
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non-exchangeable, the subspecies was retained “as is” (i.e., a subspecies of its sister 
taxa, as reflected by molecular data; Chapter 2, Figure 2). 
Multiple lines of data at different temporal and spatial scales were used to assess 
exchangeability, and to offer a unified approach for species delimitation. This approach 
avoided strict adherence to singular, often conflicting, and perhaps controversial criteria 
associated with specific species concepts. Ultimately, results indicated which 
subspecies, if any, are tracking unique and independent evolutionary trajectories, and 
what (if any) recommendations can be made regarding their taxonomic status. 
 
6.3 Results 
Lineage-specific interpretations 
Assessment of mtDNA data revealed a deep historical split in the Western 
Rattlesnake complex that consists of two distinct lineages: Eastern [Prairie (C. v. viridis) 
and Hopi (C. v. nuntius) rattlesnakes] and Western [Grand Canyon (C. o. abyssus), 
Coronado Island (C. o. caliginis), Arizona Black (C. o. cerberus), Midget Faded (C. o. 
concolor), Southern Pacific (C. o. helleri), Great Basin (C. o. lutosus), and Northern 
Pacific (C. o. oreganus) rattlesnakes] (Figure 19). GM shape data revealed distinct head 
shape morphologies between these lineages, with diagnosis supported by a significant 
discriminant function analysis (Chapter 3, Table 5). Finally, GIS-based ecological data 
were also effective at distinguishing between the two lineages (Chapter 4, Table 8). The 
crosshair classification scores suggest the eastern and western lineages exhibit historic 
genetic, ecological, morphological and recent morphological non-exchangeabilities, and 
unequivocally represent distinct and long separated species (Table 11). 
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The historic split among these lineages has been reinforced on numerous 
occasions using distinct lines of evidence. Assessments of traditional morphological, 
isozymes, and mtDNA also revealed strong concordance in separating eastern and 
western lineages (Quinn, 1987). Assessments of additional morphological characters 
and venom profiles also supported their divergence, yet these data were restricted in 
their geographic range, number of subspecies (only five of 9 considered), and sample 
sizes analyzed (Aird, 1984). Finally, more recent studies assessing mtDNA divergence 
within the Western Rattlesnake complex also supported lineage diversification (Pook et 
al., 2000; Ashton and De Queiroz, 2001; Douglas et al., 2002). Thus, the eastern and 
western lineages are well-supported across several lines of evidence.  
 
Assessment within the eastern lineage 
Prairie (C. v. viridis) and Hopi (C. v. nuntius) rattlesnakes are neither reciprocally 
monophyletic using molecular data, nor do they exhibit diagnostic differences indicative 
of recent divergence. GM shape data, for example, revealed little separation when 
recent morphological (i.e. trophic) shape was considered, although Klauber documented 
significant size differences between the two, with nuntius more diminutive. In addition, 
discriminant function analysis could not identify them to clade (Chapter 3, Table 12), nor 
was ecological diversification apparent (Chapter 4, Table 8). The crosshair classification 
reflected exchangeability in two (of four) scorable comparisons: historic genetic and 
historic morphology. As previously noted, data were unavailable to consider recent 
ecology or genetic exchangeability. These scores suggest the current taxonomic 
arrangement within the eastern lineage should remain as it is (i.e., a nominate species 
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with two subspecies), as non-exchangeability was assessed in only two of four 
categories. 
 
Assessment within the western lineage 
Comparisons among the seven western subspecies revealed important 
information regarding their taxonomic status. The Arizona Black Rattlesnake (C. o 
cerberus), the basal member of the lineage, exhibits a deep separation with regards to 
historic genetic non-exchangeability (Figure 19). GM assessment of head shape 
indicated significant ontogenetic differences across both sister clades (Chapter 3, Table 
3). The Arizona Black Rattlesnake also differed significantly in historical ecological niche 
(Chapter 4, Table 8). In terms of historic morphology, Klauber (1956) recognized it as 
having considerable variability, but also noted considerable ontogenetic change in both 
coloration and pattern, considered herein as an historic morphological synapomorphy 
and a score of non-exchangeability. This variability is reinforced by GM shape analyses 
of trophic morphology that render cerberus indistinguishable from other forms, and thus 
exchangeable with regard to recent morphology. Ultimately, the Arizona Black 
Rattlesnake exhibits historic ecological and genetic non-exchangeability as well as 
historic morphological non-exchangeability. It thus represents a valid species.  
 
Coastal clade of the western lineage 
Two clades in this lineage are reciprocally monophyletic with the Arizona Black 
Rattlesnake. The first (Coastal clade) is comprised of Northern Pacific, Southern Pacific, 
and Coronado Island rattlesnakes, while the second (Colorado Plateau clade) consists 
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of the Midget Faded, Great Basin, and Grand Canyon rattlesnakes. Each diverges 
significantly from the Arizona Black Rattlesnake, thus yielding three distinct western 
lineage clades (Figure 19). 
In the Coastal clade, helleri and oreganus are historically non-exchangeable from 
a genetic perspective, and reflect both historic ecological (Chapter 4, Table 8), and 
morphological non-exchangeability (Klauber’s morphological data). In addition, 
oreganus and helleri also exhibit recent morphological non-exchangeability (GM shape; 
Chapter 3). Thus, given the above, these two coastal forms represent valid species. The 
Coronado Island Rattlesnake is recognized as both insular and isolated. Klauber (1956) 
recognized it as a diminutive form of helleri, thus implying historic morphological non-
exchangeability. However, it is exchangeable with helleri across other crosshair 
classifications, and should thus be recognized as a subspecies of helleri. 
 
Plateau clade of the western lineage 
The Colorado Plateau clade diverges significantly from both the Arizona Black 
Rattlesnake and coastal clades (Figure 19). Within the plateau clade, Great Basin 
(lutosus) and Midget Faded (concolor) rattlesnakes display historic ecological and 
recent morphological non-exchangeability, as indicated by ecological (Chapter 4) and 
GM head shape data (Chapter 3). The Grand Canyon Rattlesnake is also ecologically 
distinct (Chapter 4, Table 8), but sample size was insufficient to determine if differences 
in GM shape also exist. 
Klauber (1956) noted differences in background color, dorsal pattern, and 
scalation among these three subspecies, herein considered as synapomorphies 
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indicative of historic morphological non-exchangeability. The Colorado Plateau lineages 
display historic genetic non-exchangeability with one another, as evinced by their 
reciprocal monophyly. Further, historic ecological and both historical and recent 
morphological non-exchangeability are recorded (as above) for concolor and lutosus, 
establishing them as distinct species. However, the Grand Canyon Rattlesnake is non-
exchangeable with the Great Basin Rattlesnake (lutosus) in terms of historic genetic 
and ecology, but is exchangeable with regard to historic and recent morphology, 
rendering it as an exchangeable OTU overall. 
 
6.4 Discussion 
A static view of the Western Rattlesnake complex 
Rafinesque, two years after describing the Prairie Rattlesnake (C. v. viridis; see 
Holycross et al., 2008), wrote about the necessity of maintaining a keen eye towards 
biodiversity. “The art of seeing well, or of noticing and distinguishing with accuracy the 
objects which we perceive, is a high faculty of the mind, unfolded in a few individuals, 
and despised by those who can neither acquire it, nor appreciate its results (1820).” The 
capacity to intuit the subtle nuances that distinguish taxa, one from another, allows for 
effective discrimination and ultimately provides the foundation for taxonomy. Yet, from a 
practical standpoint, the art of seeing well is difficult to exercise. First, individuals with 
disparate backgrounds and divergent experiences will differ in how they perceive 
objects. In addition, their level of scientific training will also impact how objects are 
perceived, and more importantly, portrayed. Results that stem from a more traditional 
’perception/ portrayal’ perspective are often grounded within three aspects: First, strict 
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quantitative characteristics are exclusively relied upon, and interpreted as non-varying. 
Second, characteristics more subtle and qualitative in nature are routinely dismissed as 
inadequate. Finally, the variance inherent in data is overlooked in that it may conflict 
with a conservative view of nature and contravene its traditionalist perspective (Douglas 
et al., 1989).  
The Western Rattlesnake complex presents and excellent example of 
shortsighted taxonomy steeped within a more traditional perception/ portrayal 
configuration. The complex has experienced a convoluted nomenclatural history, 
starting with the type specimen collected 201 years ago in what is now North Dakota 
(Holycross et al., 2008), and followed by a formal description seven years later 
(Rafinesque, 1818) that eventually culminated into the polytypic species recognized by 
Klauber (Chapter 1). While Klauber greatly advanced an understanding of the group, he 
was strongly influenced by the concept of ‘biological intergradation,’ and this led to the 
hypothesis that the Western Rattlesnake sensu stricto was linked across its vast range 
via (undocumented) gene flow (reviewed in Douglas et al., 2001). The concept of a ring 
of races, or “Rassenkreis,” which was extremely influential in the scientific literature 
during Klauber’s research, seemingly influenced his interpretation of relationships within 
the complex, and suggests why he may have considered them as a single, polytypic 
species comprised of 9 geographically recognizable subspecies.  
Given Klauber’s influence and esteem in the field of herpetology in general and 
rattlesnake ecology in particular, his viewpoints proved compelling and were 
promulgated through the late 20th century (Douglas et al., 2001). The advent of 
molecular methodology provided additional clarity in deciphering the complex, yet 
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hindrances still remained with regard to speciation, due in large part to lingering 
academic disagreements over how this category should be delineated. Thus, the 
problems that earlier plagued Klauber still remain today. 
It is with “the art of seeing well” in mind that this study sought to re-evaluate the 
taxonomy and systematics of the Western Rattlesnake complex by coalescing disparate 
datasets and assessing them under a unified understanding of species as separate and 
independently evolving lineages. We address each subspecies within each lineage 
below, and provide a prospectus on their taxonomic standing. 
 
Prairie (C. v. viridis) and Hopi (C. v. nuntius) Rattlesnake 
The Eastern lineage is clearly separated from the Western clade across 
molecular, GM, and ecological datasets. As such, C. viridis represents a true, distinct, 
and historically divergent species and should be formally recognized as such. 
Within the eastern lineage, clear resolution on subspecific status has proven 
elusive. Klauber (1956) recognized differences in size, ground color, and scalation, yet 
none were substantial enough for him to categorize the forms as anything but 
subspecific. Modern molecular analyses have consistently revealed the Hopi and the 
Prairie rattlesnakes as sister-taxa (Chapter 2). GM assessment of head shape (Chapter 
3) and multivariate analyses of environmental variables (as a proxy for ecological niche; 
Chapter 4) reveal little differentiation between the two, and suggest a recent divergence. 
Given this, elevation of either to full species status is not warranted, whereas their 
coalescence as one species would be. Crosshair classification scores only reveal an 
historic genetic and morphological non-exchangeability, and support a recommendation 
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they should be considered distinct populations. Thus we suggest the maintenance of 
current subspecific status. 
 
Arizona Black Rattlesnake (C. o. cerberus) 
Klauber (1949) considered the Arizona Black Rattlesnake to be so closely 
aligned with the Southern Pacific Rattlesnake (C. o. helleri) that, despite their 
established isolation, they could not be distinct species. Ultimately, Klauber 
recommended the Arizona Black as a subspecies within the Western Rattlesnake 
complex. However, molecular evidence supports it as being not only distinct but as the 
basal member of the Western lineage (Chapter 2, Figure 6). In addition, analyses of 
environmental data suggest it occupies a unique and divergent ecological niche 
(Chapter 4, Figure 17). Yet GM analyses of head shape indicated an indiscriminant 
trophic morphology that grouped it with other members of the western lineage (though it 
is significantly different in ontogenetic change relative to other members, as detailed by 
Klauber, 1956). 
MtDNA data reveal an historic divergence between the Arizona Black 
Rattlesnake and remaining members of the lineage, yet corroboration from other 
sources is less apparent. One explanation (as noted by Klauber, 1949) is that the 
Arizona Black Rattlesnake displays considerable morphological variability. Molecular 
data also reflects relatively high amounts of within-group variation (Douglas et al., 
2001). Regardless, the Arizona Black Rattlesnake is consistently depicted as an 
independent evolutionary trajectory (Chapter 5, Figure 18). Crosshair classification 
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scores reinforce its status as historically divergent. As such, we recommend the Arizona 
Black Rattlesnake be elevated to species. 
 
Northern Pacific Rattlesnake (C. o. oreganus) 
Klauber’s (1930) designation of the Northern Pacific Rattlesnake as a subspecies 
stemmed not from empirical evidence but from its inferred genetic connectivity with the 
Prairie Rattlesnake. Further, he closely aligned the Northern Pacific with the Great 
Basin Rattlesnake (C. o. lutosus). However subsequent research illustrated instead a 
relationship with the Southern Pacific Rattlesnake (C. o. helleri, Brattstrom, 1964; 
Schneider, 1986; Pook et al., 2000; Ashton and De Queiroz, 2001; Douglas et al., 
2002).  
Analyses of ecological data reveal a distinctly different niche for the Northern 
Pacific Rattlesnake when compared with other members of the Western lineage, 
ultimately underscoring its historic ecological non-exchangeability (Chapter 4, Figure 
17). In addition, it also differs from the other members of the western lineage with 
regard to certain components of ontogenetic shape change assessed via GM shape 
data (Chapter 3). Given these analyses, the Northern Pacific Rattlesnake represents a 
distinct, independent lineage and we recommend its elevation to species status. 
 
Southern Pacific Rattlesnake (C. o. helleri) 
Klauber observed scant phenotypic variation across the range of the Southern 
Pacific Rattlesnake. This was striking, particularly when compared with the closely 
related Northern Pacific and the geographically proximate Arizona Black rattlesnakes 
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(Klauber, 1949). Contemporary molecular analyses have consistently placed the 
Southern Pacific Rattlesnake as sister to the Northern Pacific Rattlesnake (Chapter 2, 
Figure 6). In addition, GM analysis of head shape revealed significant differences in 
ontogenetic shape change (Chapter 3). Its ecological niche also diverges significantly 
from other members of the group (Chapter 4, Table 7). Overall, the Southern Pacific 
Rattlesnake exhibits historic genetic and ecological non-exchangeability, as well as 
historic and recent morphological non-exchangeability. Therefore, we recommend 
elevating the Southern Pacific Rattlesnake to species status. 
 
Coronado Island Rattlesnake (C. o. caliginis) 
Klauber (1949) noted striking similarities between this form and the mainland 
Southern Pacific Rattlesnake, in terms of both squamation and dorsal pattern. However, 
significant differences were noted between the two in body size, with the insular form 
being significantly smaller. This phenomenon is well documented in the literature (King, 
1989; Boback and Guyer, 2003; Vincent et al., 2009), and may stem from a number of 
possible non-genetic factors. Klauber found scant phenotypic differences between it and 
the mainland form, a result supported by the GM analysis of head shape in this study 
(Chapter 3). Ecological data were insufficient to assess niche differentiation. 
The Coronado Island Rattlesnake lacks many of the requisites needed for 
species-delimitation. However, its isolation from the mainland is a compelling argument 
for its recognition as a species. Given the lack of divergence from the mainland form 
and the results of the crosshair classification test, we recommend instead that the 
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Coronado Island Rattlesnake be recognized as a geographic variant of the Southern 
Pacific Rattlesnake, and possibly a Management Unit (Holycross and Douglas, 2007). 
Midget Faded Rattlesnake (C. o. concolor) 
Klauber (1930) identified the Midget Faded Rattlesnake as distinct from other 
Western Rattlesnake forms in its coloration, body size, and certain scale counts. 
Further, venom profiles reveal a more potent component (Glenn and Straight, 1977) 
with a unique neurotoxic aspect (Pool and Bieber, 1981). Behavioral differences 
included male ecdysis aggregations, differential movement patterns, and reduced size 
of denning clusters (Ashton, 1999; Parker and Anderson, 2007).  
The Midget Faded Rattlesnake is a distinct lineage within the Western 
Rattlesnake complex (Chapter 2, Figure 6), and also represents a distinct and 
independent evolutionary lineage. However, it does not differ significantly from other 
members of the Western Rattlesnake complex with regard to ontogenetic changes in 
head shape (Chapter 3). Assessment of niche parameters (Chapter 4, Figure 17) 
suggests significant differences exist between it and the remainder of the western 
lineage. 
Given the above, evidence suggests the Midget Faded Rattlesnake displays 
historic genetic non-exchangeability. Given its diminutive size, unique venom profile and 
potency, ecological proclivities, and genetic distinctiveness, we recommend the Midget 
Faded Rattlesnake be recognized as a distinct species within the Western Rattlesnake 
complex. 
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Great Basin Rattlesnake (C. o. lutosus) 
Klauber (1930) recognized the Great Basin Rattlesnake as distinct with regard to 
patterning and scalation (i.e., width of post-ocular stripe, average number of scale rows 
between supraoculars, as well as possessing a clear dorsal pattern and distinct ground 
color). Yet Klauber also suspected a degree of intergradation between it and 
neighboring conspecifics. The morphological distinctions were not enough for Klauber to 
elevate it to specific status, yet they remain as evidence of its distinctiveness. 
Contemporary molecular assessments yielded more compelling evidence that 
distinguishes it from the remainder of the western lineage (with the exception of 
abyssus, discussed below). MtDNA analyses, in particular, have designated the Great 
Basin Rattlesnake as distinct (Chapter 2, Figure 6). 
Results of this study indicate that the Great Basin Rattlesnake differs significantly 
from most conspecifics in its ontogenetic shape change (Chapter 3). In addition, 
assessment of environmental variables reveals a unique ecological niche for this OTU, 
particularly when compared with other members of the Western lineage (Chapter 4, 
Figure 17). Thus, lutosus exhibits historic genetic and ecological non-exchangeability, 
and both recent and historic morphological non-exchangeability. Results of crosshair 
classification scores indicate the Great Basin Rattlesnake is a distinct species within the 
Western lineage. 
 
Grand Canyon Rattlesnake (C. o. abyssus) 
The Grand Canyon Rattlesnake was initially thought to be a unique member of 
the Western Rattlesnake complex in that it exhibited a distinctive ground color and 
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dorsal patterning, particularly as an adult, and with a range predominantly restricted to 
the Grand Canyon (Klauber, 1930). Beyond this, the Grand Canyon Rattlesnake was 
morphologically similar to the Great Basin Rattlesnake, which is occasionally found 
within the Grand Canyon, particularly at the terminus of south-draining creeks (i.e., 
those draining from the North Rim into the Grand Canyon) (Douglas et al., 2002). 
Similarly, Klauber assumed the Grand Canyon Rattlesnake is restricted to the Canyon, 
a consideration that is also disputed (Douglas et al., 2002). Analyses of mtDNA reveal 
the Grand Canyon Rattlesnake at varying levels of distinction, leaving its status in 
question (Chapter 2, Figure 6).  
Results of this study reveal that the Grand Canyon Rattlesnake is 
morphologically indistinct from the Great Basin Rattlesnake in terms of GM head shape 
(Chapter 3). However, environmental data indicate a unique ecological niche (Chapter 
4, Table 8). Yet, two caveats must be considered. First, sample sizes for both shape 
and ecology are small and unevenly distributed throughout the (albeit restricted) range. 
Second, individuals were collected from within Grand Canyon itself. To what extent 
have Grand Canyon individuals been collected outside the canyon and subsequently 
misidentified in museum collections as Great Basin Rattlesnake simply due to their 
disjunct range? Given the above, our resolution with regard to the Grand Canyon 
Rattlesnake remains poor, and an extensive reevaluation is warranted. Crosshair 
classification scores reveal evidence of non-exchangeability in two of four categories, 
yet these results are not extensive enough to warrant elevation to full species. The 
Grand Canyon Rattlesnake should instead be recognized as a distinct population of the 
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Great Basin Rattlesnake, pending further study of these two forms and a more definitive 
geographic identification of the contact zone separating them. 
 
Summary 
A number of interacting factors cloud the taxonomy and phylogenetic systematics 
of the Western Rattlesnake complex. First, the predominant scientific paradigm at any 
given time may unintentionally bias researchers towards particular interpretations, 
thereby influencing taxonomic recommendations. Specifically, Klauber’s non-empirical 
assessment of intergradation within the complex as a characteristic common to all 
Western Rattlesnake subspecies encouraged him to designate these clades as 
subspecies (1956). Indeed, Klauber noted remarkable morphological variability among 
Western Rattlesnake subspecies, yet he maintained that a single, unique character (i.e. 
more than two internasal scales) defined them as a single species. In fact, when 
discussing the complex, Klauber (1956) opined that “newer methods of blood and 
venom studies may eventually indicate that the forms which we now consider viridis 
subspecies may really belong to two or more different species, despite the evidence of 
the internasals.” As the idea of intergradation was prominent at the time, conventional 
scientific thinking may have biased Klauber’s designations, and his use of a single, 
(potentially pleisiomorphic) character linked subspecies in an anachronistic manner. 
There is also a recognizable ‘essential tension’ that separates the goals of 
taxonomy and systematics and which impinges upon this discussion. Molecular 
systematics demonstrates that most, if not all, subspecies of the Western Rattlesnake 
complex have embarked upon independent evolutionary trajectories (Chapter 2, Figure 
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6). However, since previous, single-region mtDNA phylogenetic relationships among the 
subspecies (particularly within the western lineage) were somewhat equivocal, and 
since mtDNA itself represents but a single character, a translation to formal taxonomy 
has not occurred.  
This study sought to approach the Western Rattlesnake complex from an 
integrative perspective that incorporates molecular, morphological, and ecological data. 
The overarching goals were to both enhance phylogenetic understanding of the group 
while resolving its taxonomy. The former objective remains elusive, particularly given 
recent divergences within the complex. Phylogenetic incongruence exists among the 
disparate datasets (e.g. molecular, GM, and ecological) in this study and specifically 
revealed a well-supported polytomy within the western lineage (Chapter 5, Figure 18). 
By assessing larger, more disparate datasets that span broader spatial and temporal 
scales, a composite perspective of the complex has emerged. These efforts not only 
provide strong arguments for realignment of alpha taxonomy but also identify future 
areas of research emphasis in the phylogenetic systematics of the complex. 
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Table 11. Crosshair classification representing genetic, ecological and morphological 
non-exchangeability in the two lineages comprising the Western Rattlesnake (Crotalus 
viridis) complex. A (green) plus sign (+) signifies non-exchangeability, while a (red) 
minus sign (-) represents exchangeable constituents. A ‘?’ indicates no score for this 
category. The eastern [Prairie (C. v. viridis) and Hopi (C. v. nuntius) rattlesnakes] and 
western [Grand Canyon (C. o. abyssus), Coronado Island (C. o. caliginis), Arizona 
Black (C. o. cerberus), Midget Faded (C. o. concolor), Southern Pacific (C. o. helleri), 
Great Basin (C. o. lutosus), and Northern Pacific (C. o. oreganus) rattlesnakes] exhibit 
historical ecological non-exchangeability, historic genetic non-exchangeability, and both 
recent and historical morphological non-exchangeability. Genetic data assessing recent 
gene flow and recent ecological data are unavailable. Scores strongly suggest the two 
lineages represent separate, long-divergent species. 
 
Eastern v. Western Lineage Genetic Ecological Morphological 
Recent ? ? + 
Historical + + + 
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Table 12. Crosshair classification representing genetic, ecological, and morphological 
non-exchangeability of the two subspecies [Prairie (Crotalus v. viridis) and Hopi (C. v. 
nuntius) rattlesnakes] that comprise the eastern lineage of the Western Rattlesnake 
complex. A (green) plus sign (+) signifies non-exchangeability, while a (red) minus sign 
(-) represents exchangeable constituents. A ‘?’ indicates no score for this category. The 
two forms are diagnosable from a molecular perspective (though not reciprocally 
monophyletic) suggesting historic genetic non-exchangeability. In addition, significant 
size differences documented by Klauber suggest historic morphological non-
exchangeability. However, the two are exchangeable in terms of recent morphology and 
ecology. As such, they should be considered distinct subspecies under the nominate 
Crotalus viridis species. 
 
Prairie vs. Hopi Rattlesnake Genetic Ecological Morphological 
Recent ? ? - 
Historical + - + 
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Table 13. Crosshair classification testing genetic, ecological, and morphological non-
exchangeability of the seven subspecies (the Grand Canyon (Crotalus oreganus 
abyssus), Coronado Island (C. o. caliginis), Arizona Black (C. o. cerberus), Midget 
Faded (C. o. concolor) Southern Pacific (C. o. helleri), Great Basin (C. o. lutosus) and 
Northern Pacific (C. o. oreganus) rattlesnakes) that comprise the western lineage of the 
Western Rattlesnake complex. A (green) ‘+’ signifies that non-exchangeability exists, 
while a (red) ‘-‘ represents exchangeability. A ‘?’ indicates no score for this category. 
Results of these tests reveal sufficient non-exchangeability to warrant elevation to 
species status in 5 of 7 members: cerberus, concolor, helleri, lutosus, and oreganus. 
The two remaining, abyssus and caliginis, represent subspecies of the nominate 
species C. o. lutosus and C. o. helleri, respectively. 
Western 
Lineage 
Genetic 
Exchangeability
Ecological 
Exchangeability 
Morphological 
Exchangeability 
Diagnosis 
 Historic Rece
nt 
Historic Recen
t 
Historic Rece
nt 
 
abyssus + ? + ? + - Population
caliginis + ? + ? + - Population
cerberus + ? + ? + - Species 
concolor + ? + ? + + Species 
helleri + ? + ? + + Species 
lutosus + ? + ? + + Species 
oreganus + ? + ? + + Species 
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Figure 19: Molecular phylogeny of the Western Rattlesnake (Crotalus viridis) complex 
derived from sequence data concatenated from 5 regions of the mitochondrial genome. 
The eastern lineage (circled in blue) and the western lineage (circled in red) represent 
reciprocally monophyletic clades that exhibit both genetic and ecological non-
exchangeability at recent and historical temporal scales. Ultimately the two lineages 
should be considered as long separated species under the crosshair classification 
scheme. Within the eastern clade, the Prairie (C. v. viridis) and Hopi (C. v. nuntius) 
rattlesnakes exhibit genetic diagnosability at the molecular level, but are not divergent in 
geometric morphometric shape or GIS based ecology. These groups should be 
considered distinct populations. Within the western clade, the Arizona Black (C. o. 
cerberus), Midget Faded (C. o. concolor), Southern Pacific (C. o. helleri), Great Basin 
(C. o. lutosus), and Northern Pacific (C. o. oreganus) rattlesnakes are genetically non-
exchangeable in recent history, and, based on geometric morphometric shape and GIS-
derived ecological analyses, are ecologically non-exchangeable at both recent and 
historic timescales, indicating that they should be considered distinct species. The 
Grand Canyon Rattlesnake (C. o. abyssus) is diagnosable molecularly from, but not 
reciprocally monophyletic with its sister taxon (the Great Basin Rattlesnake, C. o. 
lutosus), but cannot be considered non-exchangeable. It is distinct in terms of both 
geometric morphorphometric shape and GIS-based ecology. As such, the Grand 
Canyon Rattlesnake is considered a distinct population. Finally, the Coronado Island 
Rattlesnake (C. o. caliginis) is diagnosable molecularly from, but not reciprocally 
monophyletic with its sister taxon (the Southern Pacific Rattlesnake, C. o. helleri). In 
addition, it is distinct in terms of geometric morphometric shape. Ecology was not 
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assessed, yet it is an insular form and no evidence exists suggesting gene flow with the 
mainland. As such, the Coronado Island Rattlesnake should be considered both 
genetically and ecologically non-exchangeable and considered a distinct species. 
Ultimately, this reveals that the Western Rattlesnake complex is comprised of 6 species. 
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Figure 19 (cont.).
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Chapter VII: EXECUTIVE SUMMARY 
 
Species are the currency of biodiversity and an accurate recognition of their 
status is a scientific necessity, particularly given the onset of the Anthropocene (the 
most recent biodiversity crisis). The reasons for this are two-fold. First, recognition of 
speciation theory allows the evolutionary processes that have shaped biodiversity to be 
more clearly grasped, thereby providing a clear pivot-point for future considerations. 
Second, species-concepts are an essential component for defining operational 
taxonomic units (OTUs) and developing adaptive management strategies.Yet, concept-
based species approaches can be contentious whereas those more deterministic work 
against the spectrum through which speciation develops. This study sought to bridge 
these difficulties, and to provide a referenced case study, through a comprehensive and 
multi-faceted assessment of OTUs in the historically enigmatic Western Rattlesnake 
(Crotalus viridis) complex.  
Specifically, this study reviewed the convoluted nomenclatural history of the 
Complex in the light of evolutionary theory (Chapter 1). A robust molecular phylogeny 
was developed by concatenating 6 mitochondrial DNA regions and analyzing them via 
Bayesian Inference (Chapter 2). As species have been traditionally described and 
recognized based on morphology, a novel assessment of Western Rattlesnake 
morphology was conducted via analysis of geometric morphometric head shape 
(Chapter 3). Multivariate Ecological Niche modeling of Western Rattlesnake subspecies 
was then explored to determine what role (if any) ecological speciation has played in 
defining the components of the Complex (Chapter 4). These data were coalesced using 
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supertree methodology in an attempt to yield a unified phylogenetic hypothesis for the 
Western Rattlesnake Complex (Chapter 5). Finally, the above data were considered in 
crosshair classification tests to derive nomenclatural recommendations for the 9 
subspecies of the complex (Chapter 6). 
Sinces its description in the early 19th century, the Western Rattlesnake complex 
experienced a convoluted nomenclatural history that included numerous revisions to 
complex constituents. Laurence Klauber unraveled these nomenclatural changes and 
redefined the Western Rattlesnake complex as a single polytypic species (Crotalus 
viridis) composed of 9 subspecies. These include the Grand Canyon (C. v. abyssus), 
Coronado Island (C. v. caliginis), Arizona Black (C. v. cerberus), Midget Faded (C. v. 
concolor), Southern Pacific (C. v. helleri), Great Basin (C. v. lutosus), Hopi (C. v. 
nuntius), Northern Pacific (C. v. oreganus), and Prairie (C. v. viridis) rattlesnakes. 
Klauber’s designations have remained firmly entrenched in the interceding years. 
The advent of the modern molecular era greatly advanced our understanding of 
organismal evolutionary history and, in turn, has been taxonomically informative. 
Bayesian analysis of 6 concatenated mtDNA regions (ATPase 6&8, Cytochrome B, D-
loop, ND2, and ND4L) revealed that, contrary to Klauber’s designations, the Western 
Rattlesnake complex is composed of no less than two distinct and strongly supported 
lineages. The eastern lineage is composed of the Prairie (viridis) and Hopi (nuntius) 
rattlesnakes, while the western lineage is composed of the Arizona Black (cerberus), 
Northern Pacific (oreganus), Midget Faded (concolor), Southern Pacific (helleri), 
Coronado Island (caliginis), Great Basin (lutosus), and Grand Canyon (abyssus) 
rattlesnakes. Relationships within each lineage also received strong support and 
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provided evidence for 6 species (Chapter 2, Figure 2): C. viridis (viridis + nuntius), C. 
cerberus, C. oreganus, C. concolor, C. helleri (helleri + caliginis), and C. lutosus 
(lutosus + abyssus).  
Geometric morphometric head shape was assessed by digitizing and analyzing 
33 landmarks on dorsal head images of more than 3,000 Western Rattlesnake 
specimens (Chapter 3). Results reveal significant sexual dimorphism and ontogenetic 
differences in the complex. Further, significant differences in head shape were revealed 
between the eastern and western lineages. Within each lineage, significant differences 
were also detected in head shape among constituent subspecies, but numerous 
interaction terms were also significant, thus confusing interpretations. Ultimately, 
geometric morphometric head shape detected deep diverences, but those among 
subspecies within lineages remained obscured. 
Western Rattlesnake subspecies were well-discriminated along ecological axes 
(Chapter 4). Further, both phylogeny and ecology accounted for a significant amount of 
variance in head shape. Subspecies within the complex inhabit divergent multivariate 
ecological niches and these data provide an additional and independent line of evidence 
that promotes the recognition of subspecies as distinct species. 
Supertree methodology was employed to develop a robust Western Rattlesnake 
phylogeny that incorporated mtDNA (Chapter 2), geometric morphometric (Chapter 3), 
and ecological (Chapter 4) data. A single supertree revealed a well-supported split 
between the eastern and western lineages. Within the eastern lineage, the sister 
relationship between viridis and nuntius was also well-supported. The western lineage 
maintained itself as a large polytomy (Chapter 5, Figure 1). Thus while the divergence 
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between the lineages were preserved, relationships among subspecies remained 
obscured despite an attempt to incorporate all relevant data. 
Though evolutionary interrelationships remain somewhat elusive, each dataset 
was independently scored in a cross-hairs classification so as to assess the genetic, 
ecological, and morphological exchangeability of OTUs at recent and historic temporal 
scales. This, in turn, allowed a reconsideration of Western Rattlesnake taxonomy. For 
example, non-exchangeability (i.e., distinctiveness) was apparent in all categories when 
eastern and western lineages were compared. Within the eastern lineage, viridis and 
nuntius exhibited exchangeability (i.e., similarity) in two of four categories, rendering 
them as geographic components of a single species. In the western lineage, cerberus, 
concolor, helleri, lutosus, and oreganus were non-exchangeable in at least 3 of 4 
categories, suggesting their recognition as distinct species. However, abyssus and 
caliginis were deemed exchangeable with lutosus and helleri in two or more categories, 
rendering the former two as geographic variants of the latter two.  
Given the above, it is recommended that the Western Rattlesnake complex be 
revised to include 6 species: C. viridis (with the subspecies C. v. viridis and C. v. 
nuntius), C. cerberus, C. concolor, C. helleri (composed of C. h. helleri, and C. h. 
caliginis), C. lutosus (composed of C. l. lutosus, and C. l. abyssus), and C. oreganus. 
These designations are supported by molecular, morphological, and ecological data. 
Such a taxonomic relaigment simultaneously recognizes Klauber’s contributions while 
bringing novel data and approaches to bear in an interdisciplinary manner, and thus 
should promote the development of more effective adaptive management strategies for 
this diverse and unique complex. 
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Appendix A. List of mitochondrial (mt) DNA sequences accessed in this study. A total 
of 117 sequences from 5 mtDNA regions were accessed to construct concatenated 
sequences for Western Rattlesnake (Crotalus viridis) subspecies (Chapter 2) and to 
derive single-region Bayesian Inference phylogenetic hypotheses for use in developing 
a supertree consensus phylogenetic hypothesis. 
Accession 
Number  Genus  species  subspecies 
mtDNA 
Region  Author 
AY016037  Crotalus  viridis  abyssus  D‐Loop  Ashton and de Queiroz (2001) 
AY016038  Crotalus  viridis  caliginis  D‐Loop  Ashton and de Queiroz (2001) 
AY016042  Crotalus  viridis  concolor  D‐Loop  Ashton and de Queiroz (2001) 
AY016032  Crotalus  viridis  helleri  D‐Loop  Ashton and de Queiroz (2001) 
AY016229  Crotalus  viridis  helleri  D‐Loop  Ashton and de Queiroz (2001) 
AY016040  Crotalus  viridis  lutosus  D‐Loop  Ashton and de Queiroz (2001) 
AY016026  Crotalus  viridis  lutosus  D‐Loop  Ashton and de Queiroz (2001) 
AY016033  Crotalus  viridis  lutosus  D‐Loop  Ashton and de Queiroz (2001) 
AY016036  Crotalus  viridis  lutosus  D‐Loop  Ashton and de Queiroz (2001) 
AY016218  Crotalus  viridis  nuntius  D‐Loop  Ashton and de Queiroz (2001) 
AY016027  Crotalus  viridis  oreganus  D‐Loop  Ashton and de Queiroz (2001) 
AY016031  Crotalus  viridis  oreganus  D‐Loop  Ashton and de Queiroz (2001) 
AY016034  Crotalus  viridis  oreganus  D‐Loop  Ashton and de Queiroz (2001) 
AY016046  Crotalus  viridis  viridis  D‐Loop  Ashton and de Queiroz (2001) 
AY016029  Crotalus  viridis  viridis  D‐Loop  Ashton and de Queiroz (2001) 
AY016030  Crotalus  viridis  viridis  D‐Loop  Ashton and de Queiroz (2001) 
AY016045  Crotalus  viridis  viridis  D‐Loop  Ashton and de Queiroz (2001) 
AY016044  Crotalus  viridis  viridis  D‐Loop  Ashton and de Queiroz (2001) 
AY016049  Crotalus  atrox    D‐Loop  Ashton and de Queiroz (2001) 
AY016051  Crotalus  mitchelli    D‐Loop  Ashton and de Queiroz (2001) 
AY016048  Crotalus  scutulatus    D‐Loop  Ashton and de Queiroz (2001) 
AY016047  Crotalus  scutulatus    D‐Loop  Ashton and de Queiroz (2001) 
AY016050  Crotalus  tigris    D‐Loop  Ashton and de Queiroz (2001) 
AY016227  Crotalus  viridis  abyssus  ND2  Ashton and de Queiroz (2001) 
AY016228  Crotalus  viridis  caliginis  ND2  Ashton and de Queiroz (2001) 
AY016225  Crotalus  viridis  cerberus  ND2  Ashton and de Queiroz (2001) 
AY016232  Crotalus  viridis  concolor  ND2  Ashton and de Queiroz (2001) 
AY016231  Crotalus  viridis  concolor  ND2  Ashton and de Queiroz (2001) 
AY016233  Crotalus  viridis  concolor  ND2  Ashton and de Queiroz (2001) 
AY016222  Crotalus  viridis  helleri  ND2  Ashton and de Queiroz (2001) 
AY016229  Crotalus  viridis  helleri  ND2  Ashton and de Queiroz (2001) 
AY016244  Crotalus  viridis  lutosus  ND2  Ashton and de Queiroz (2001) 
AY016215  Crotalus  viridis  lutosus  ND2  Ashton and de Queiroz (2001) 
AY016223  Crotalus  viridis  lutosus  ND2  Ashton and de Queiroz (2001) 
AY016230  Crotalus  viridis  lutosus  ND2  Ashton and de Queiroz (2001) 
AY016226  Crotalus  viridis  lutosus  ND2  Ashton and de Queiroz (2001) 
AY016218  Crotalus  viridis  nuntius  ND2  Ashton and de Queiroz (2001) 
AY016217  Crotalus  viridis  oreganus  ND2  Ashton and de Queiroz (2001) 
AY016221  Crotalus  viridis  oreganus  ND2  Ashton and de Queiroz (2001) 
 173
AY016224  Crotalus  viridis  oreganus  ND2  Ashton and de Queiroz (2001) 
AY016216  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016243  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016219  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016242  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016220  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY704799  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016236  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016235  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016234  Crotalus  viridis  viridis  ND2  Ashton and de Queiroz (2001) 
AY016239  Crotalus  atrox    ND2  Ashton and de Queiroz (2001) 
AY016245  Crotalus  cerastes    ND2  Ashton and de Queiroz (2001) 
AY016246  Crotalus  enyo    ND2  Ashton and de Queiroz (2001) 
AY016241  Crotalus  mitchelli    ND2  Ashton and de Queiroz (2001) 
AY016237  Crotalus  scutulatus    ND2  Ashton and de Queiroz (2001) 
AY016238  Crotalus  scutulatus    ND2  Ashton and de Queiroz (2001) 
AY016240  Crotalus  tigris    ND2  Ashton and de Queiroz (2001) 
HQ257746  Crotalus  triseriatus  armstrongi  ATPase 6&8  Bryson et al. (20110 
CVU65377  Crotalus  viridis  viridis  Cytochrome B  Cullings et al. (1996) 
AF462374  Crotalus  viridis  cerberus  ATPase 6&10  Douglas et al. (2002) 
AF462371  Crotalus  viridis  nuntius  ATPase 6&11  Douglas et al. (2002) 
AF462367  Crotalus  viridis  viridis  ATPase 6&12  Douglas et al. (2002) 
AF462368  Crotalus  viridis  viridis  ATPase 6&13  Douglas et al. (2002) 
AF462369  Crotalus  viridis  viridis  ATPase 6&14  Douglas et al. (2002) 
AF462370  Crotalus  viridis  viridis  ATPase 6&15  Douglas et al. (2002) 
AF462360  Crotalus  viridis  concolor  ATPase 6&16  Douglas et al. (2002) 
AF462361  Crotalus  viridis  concolor  ATPase 6&17  Douglas et al. (2002) 
AF462375  Crotalus  viridis  helleri  ATPase 6&18  Douglas et al. (2002) 
AF462364  Crotalus  viridis  lutosus  ATPase 6&19  Douglas et al. (2002) 
AF462365  Crotalus  viridis  lutosus  ATPase 6&20  Douglas et al. (2002) 
AF462366  Crotalus  viridis  lutosus  ATPase 6&21  Douglas et al. (2002) 
AF462372  Crotalus  viridis  oreganus  ATPase 6&22  Douglas et al. (2002) 
AF462373  Crotalus  viridis  oreganus  ATPase 6&23  Douglas et al. (2002) 
AF462362  Crotalus  viridis  abyssus  ATPase 6&8  Douglas et al. (2002) 
AF462363  Crotalus  viridis  abyssus  ATPase 6&9  Douglas et al. (2002) 
AF147857  Crotalus  viridis  abyssus  Cytochrome B  Pook et al. (2000) 
AF147858  Crotalus  viridis  caliginis  Cytochrome B  Pook et al. (2000) 
AF147859  Crotalus  viridis  cerberus  Cytochrome B  Pook et al. (2000) 
AF147860  Crotalus  viridis  concolor  Cytochrome B  Pook et al. (2000) 
AF147863  Crotalus  viridis  helleri  Cytochrome B  Pook et al. (2000) 
AF147862  Crotalus  viridis  helleri  Cytochrome B  Pook et al. (2000) 
AF147861  Crotalus  viridis  helleri  Cytochrome B  Pook et al. (2000) 
AF147864  Crotalus  viridis  lutosus  Cytochrome B  Pook et al. (2000) 
AF147865  Crotalus  viridis  lutosus  Cytochrome B  Pook et al. (2000) 
AF147875  Crotalus  viridis  nuntius  Cytochrome B  Pook et al. (2000) 
AF147871  Crotalus  viridis  oreganus  Cytochrome B  Pook et al. (2000) 
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AF147872  Crotalus  viridis  oreganus  Cytochrome B  Pook et al. (2000) 
AF147870  Crotalus  viridis  oreganus  Cytochrome B  Pook et al. (2000) 
AF147874  Crotalus  viridis  oreganus  Cytochrome B  Pook et al. (2000) 
AF147873  Crotalus  viridis  oreganus  Cytochrome B  Pook et al. (2000) 
AF471066  Crotalus  viridis  viridis  Cytochrome B  Pook et al. (2000) 
AF147866  Crotalus  viridis  viridis  Cytochrome B  Pook et al. (2000) 
AF147869  Crotalus  viridis  viridis  Cytochrome B  Pook et al. (2000) 
AF147868  Crotalus  viridis  viridis  Cytochrome B  Pook et al. (2000) 
AF147867  Crotalus  viridis  viridis  Cytochrome B  Pook et al. (2000) 
AF147876  Crotalus  scutulatus    Cytochrome B  Pook et al. (2000) 
AF194148  Crotalus  viridis  abyssus  ND4  Pook et al. (2000) 
AF194149  Crotalus  viridis  caliginis  ND4  Pook et al. (2000) 
AF194150  Crotalus  viridis  cerberus  ND4  Pook et al. (2000) 
AF194151  Crotalus  viridis  concolor  ND4  Pook et al. (2000) 
CVU41882  Crotalus  viridis  concolor  ND4  Pook et al. (2000) 
AF194154  Crotalus  viridis  helleri  ND4  Pook et al. (2000) 
AF194153  Crotalus  viridis  helleri  ND4  Pook et al. (2000) 
AF194152  Crotalus  viridis  helleri  ND4  Pook et al. (2000) 
AF194155  Crotalus  viridis  lutosus  ND4  Pook et al. (2000) 
AF194156  Crotalus  viridis  lutosus  ND4  Pook et al. (2000) 
AF194166  Crotalus  viridis  nuntius  ND4  Pook et al. (2000) 
AF194162  Crotalus  viridis  oreganus  ND4  Pook et al. (2000) 
AF194163  Crotalus  viridis  oreganus  ND4  Pook et al. (2000) 
AF194161  Crotalus  viridis  oreganus  ND4  Pook et al. (2000) 
AF194165  Crotalus  viridis  oreganus  ND4  Pook et al. (2000) 
AF194164  Crotalus  viridis  oreganus  ND4  Pook et al. (2000) 
AF194157  Crotalus  viridis  viridis  ND4  Pook et al. (2000) 
AF194160  Crotalus  viridis  viridis  ND4  Pook et al. (2000) 
AF194159  Crotalus  viridis  viridis  ND4  Pook et al. (2000) 
AF194158  Crotalus  viridis  viridis  ND4  Pook et al. (2000) 
AF194168  Crotalus  durissus    ND4  Pook et al. (2000) 
AF194167  Crotalus  scutulatus     ND4  Pook et al. (2000) 
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Appendix B. Deformation grids depicting consensus configurations for each of the 
subspecies within the western lineage of the Western Rattlesnake (Crotalus viridis) 
complex. Grid represents the shape deformation away from the overall consensus 
configuration. 
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Figure 20. Prairie Rattlesnake (Crotalus viridis viridis) deformation grid. Isobars indicate 
the deformation from the mean configuration for the Western Rattlesnake complex. The 
oviform morphotype of the eastern lineage is most pronounced in viridis individuals, with 
both posterior and anterior lateral expansion. In addition, the rostrum extends forward, 
yielding a slightly curved, elongate head shape. 
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Figure 21. Hopi Rattlesnake (Crotalus viridis nuntius) deformation grid. Isobars indicate 
the deformation from the mean configuration for the Western Rattlesnake complex. The 
oviform morphotype of the eastern lineage is rather pronounced in nuntius individuals, 
with both posterior and anterior lateral expansion. In addition, the rostrum extends 
forward, yielding a slightly curved, elongate head shape. 
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Figure 22. Deformation grid depicting shape transformation from Prairie (Crotalus viridis 
viridis) to Hopi (C. v. nuntius) rattlesnake. Isobars indicate the deformation from the 
mean configuration for the Western Rattlesnake complex. Shape change from viridis to 
nuntius is subtle, with slight compaction from both the anterior and posterior aspects at 
the rictus.  
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Figure 23. Consensus configuration for the Arizona Black Rattlesnake (Crotalus 
ooreganus cerberus). Isobars represent deformation from the mean configuration for the 
Western Rattlesnake complex. The western lineage morphotype is apparent in 
cerberus. It is compacted at the rostrum, constricts sharply at the anterior aspect, and 
tapers quickly forward of the rictus. As such, the cerberus morphotype is compact, with 
a definite spearhead morphology. 
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Figure 24. Consensus configuration for the Northern Pacific Rattlesnake (Crotalus 
ooreganus oreganus). Isobars represent deformation from the mean configuration for 
the Western Rattlesnake complex. The western lineage morphotype is apparent in 
oreganus, but less pronounced than other members of the lineage. It is compacted at 
the rostrum, constricts slightly at the anterior aspect, and tapers forward of the rictus. As 
such, the oreganus morphotype is somewhat compact, with a spearhead morphology. 
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Figure 25. Consensus configuration for the Southern Pacific Rattlesnake (Crotalus 
ooreganus helleri). Isobars represent deformation from the mean configuration for the 
Western Rattlesnake complex. The western lineage morphotype is apparent in helleri, 
but less pronounced than other members of the lineage. It is compacted at the rostrum, 
constricts sharply at the anterior aspect, and tapers forward of the rictus. As such, the 
helleri morphotype is somewhat compact, with a spearhead morphology. 
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Figure 26. Consensus configuration for the Coronado Island Rattlesnake (Crotalus 
ooreganus caliginis). Isobars represent deformation from the mean configuration for the 
Western Rattlesnake complex. The western lineage morphotype is apparent in caliginis, 
but unique relative to other members of the lineage. It is considerably compacted at the 
rostrum, constricts sharply at the anterior aspect, and tapers forward sharply of the 
rictus. In addition, it exhibits compression from both the anterior and posterior aspect at 
the rictus. As such, the caliginis morphotype is very compact, with a spearhead 
morphology. 
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Figure 27. Consensus configuration for the Midget Faded Rattlesnake (Crotalus 
ooreganus concolor). Isobars represent deformation from the mean configuration for the 
Western Rattlesnake complex. Head shape in concolor, is intermediate between the 
eastern and western lineage morphotypes. It is expanded transversely at the rostrum, 
constricts somewhat sharply at the anterior aspect, and gradually tapers forward of the 
rictus. As such, the concolor morphotype is western-like at the posterior aspect, while 
oviform and eastern-like at the anterior aspect. 
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Figure 28. Consensus configuration for the Great Basin Rattlesnake (Crotalus 
ooreganus lutosus). Isobars represent deformation from the mean configuration for the 
Western Rattlesnake complex. The western lineage morphotype is apparent in lutosus, 
and is among the most pronounced in the group.. It is compacted at the rostrum, 
constricts sharply at the anterior aspect, and tapers forward of the rictus. As such, the 
lutosus morphotype is distinctly spearheaded. 
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Figure 29. Consensus configuration for the Grand Canyon Rattlesnake (Crotalus 
ooreganus abyssus). Isobars represent deformation from the mean configuration for the 
Western Rattlesnake complex. The western lineage morphotype is apparent in abyssus, 
and is among the most pronounced in the group.. It is compacted at the rostrum, 
constricts sharply at the anterior aspect, and tapers forward of the rictus. As such, the 
abyssus morphotype is distinctly spearheaded. 
 
 
 
  
 186
Appendix C. List of BioClim variables used for ecological analyses. 
Variable Type Code Resolution Units 
Annual Mean Temperature Climate Bio01 1km 0C * 10 
Mean Diurnal Range Climate Bio02 1km 0C * 10 
Isothermality Climate Bio03 1km 0C * 10 
Temperature Seasonality Climate Bio04 1km 0C * 10 
Max Temp of Warmest Month Climate Bio05 1km 0C * 10 
Min Temp of Coldest Month Climate Bio06 1km 0C * 10 
Temperature Annual Range Climate Bio07 1km 0C * 10 
Mean Temperature of Wettest Quarter Climate Bio08 1km 0C * 10 
Mean Temperature of Driest Quarter Climate Bio09 1km 0C * 10 
Mean Temperature of Warmest Quarter Climate Bio10 1km 0C * 10 
Mean Temperature of Coldest Quarter Climate Bio11 1km 0C * 10 
Annual Precipitation Climate Bio12 1km mm 
Precipitation of Wettest Month Climate Bio13 1km mm 
Precipitation of Driest Month Climate Bio14 1km mm 
Precipitation Seasonality Climate Bio15 1km mm 
Precipitation of Wettest Quarter Climate Bio16 1km mm 
Precipitation of Driest Quarter Climate Bio17 1km mm 
Precipitation of Warmest Quarter Climate Bio18 1km mm 
Precipitation of Coldest Quarter Climate Bio19 1km mm 
Monthly Minimum Temperature Climate MinT 1km 0C * 10 
Monthly Maximum Temperature Climate MaxT 1km 0C * 10 
Monthly Average Temperature Climate AvgT 1km 0C * 10 
Monthly Average Precipitation Climate MAP 1km 0C * 9 
Elevation Geography ALT 1km m 
 
